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ABSTRACT
The e l e c t r o n i c  s t a t e s  o f  b i p h e n y l ,  o f  th e  2 - m e t h y l ,
3 - m e t h y l ,  4 - m e t h y l ,  2 - f l u o r o ,  4 - f l u o r o ,  2 - c h l o r o ,  3 - c h l o r o ,
4 - c h l o r o ,  2-bromo, 3-bromo, and 4-bromo d e r i v a t i v e s  o f  b i p h e n y l ,  
and o f  f l u o r e n e ,  2 - f l u o r o f l u o r e n e  and 2- b r o m o f lu o r e n e  have been  
e x p e r i m e n t a l l y  s t u d i e d .  The a b s o r p t i o n ,  f l u o r e s c e n c e  and 
p h o s p h o r e s c e n c e  of  a l l  t h e s e  compounds are  shown.
E x p er im en ta l  e v i d e n c e  i s  p r e s e n t e d  t o  i n d i c a t e  t h a t  
b i p h e n y l  in  s o l u t i o n  i s  e x c i t e d  from an o u t - o f - p l a n e  ground  
s t a t e  t o  a Franck-Condon o u t - o f - p l a n e  e x c i t e d  s t a t e  which ,  
by r o t a t i o n  o f  t h e  phenyl r i n g s ,  i s  s u b s e q u e n t l y  c o n v e r te d  to  
a more s t a b l e  p la n a r  e q u i l i b r i u m  e x c i t e d  s t a t e .  E m iss ion  
o c c u r s  from t h i s  p la n a r  e x c i t e d  s t a t e  to  a Franck-Condon  
p la n a r  ground s t a t e .  The s u b s t i t u t i o n  o f  l a r g e  bulky  atoms  
or groups  in  the  o r t h o  p o s i t i o n  o f  b ip h e n y l  i n c r e a s e s  the  
s t e r i c  h in d ra n ce  to  c o p l a n a r i t y  o f  the  phenyl r i n g s  and 
a p p a r e n t l y  i n c r e a s e s  the en e r g y  o f  the e q u i l i b r i u m  e x c i t e d  
s t a t e  r e l a t i v e  t o  th e  ground s t a t e .
F l u o r e s c e n c e  and p h o s p h o r e s c e n c e  quantum y i e l d s  and 
p h o s p h o r e s c e n c e  l i f e t i m e  data  a r e  p r e s e n t e d  f o r  a l l  compounds 
t h a t  were  s t u d i e d .  The s p i n - o r b i t  c o u p l i n g  e f f e c t s  f o r  h a lo g e n  
s u b s t i t u t i o n  i n  b ip h e n y l  i n d i c a t e  t h a t  t h e r e  i s  v e r y  s t r o n g
c o u p l i n g  betw een  th e  two r i n g s  in  th e  t r i p l e t  s t a t e .  Spin-  
o r b i t  c o u p l i n g  i s  the  most e f f e c t i v e  in  the c a s e  o f  o r th o  
s u b s t i t u t i o n  and th e  l e a s t  e f f e c t i v e  in  the  c a s e  o f  meta 
s u b s t i t u t i o n .
CHAPTER I
INTRODUCTION AND THEORY
A. I n t r o d u c t  ion
The e l e c t r o n i c  s t a t e s  o f  c o m p o s i t e  m o l e c u l e s  have  
been s t u d i e d  by w ork ers  in  t h e s e  l a b o r a t o r i e s  f o r  s e v e r a l  y e a r s .  
Composite  m o l e c u l e s  can be d e f i n e d  a s  m o l e c u l e s  composed o f  
two or more a r o m a t i c  s u b s y s te m s  w hich  i n t e r a c t  s u f f i c i e n t l y  to  
p e r t u r b  th e  e l e c t r o n i c  e n e r g y  o f  one a n o t h e r .  T h is  group o f  
m o l e c u l e s  can be d i v i d e d  i n t o  two su b g r o u p s ,  namely t h o s e  
m o l e c u l e s  w i t h  r i g i d  f i x e d  geom etry  and t h o s e  w i t h  v a r i a b l e  
g e o m e tr y .  In a d i s c u s s i o n  o f  e l e c t r o n i c  e n e r g y  s t a t e s ,  however ,  
i t  i s  n o r m a l l y  more s i g n i f i c a n t  t o  c l a s s i f y  t h e  m o l e c u l e s  
a c c o r d i n g  to  the  d e g r e e  o f  i n t r a m o l e c u l a r  i n t e r a c t i o n  between  
the  e l e c t r o n i c  s t a t e s  o f  th e  a r o m a t i c  s u b s y s t e m s  than a c c o r d i n g  
t o  th e  g e o m e t r i c  c o n f o r m a t io n .  The e x t e n t  o f  i n t e r a c t i o n  can 
v a r y  from a lm ost  no i n t e r a c t i o n  to  v e r y  e x t e n s i v e  i n t e r a c t i o n .  
With v e r y  l i t t l e  i n t e r a c t i o n ,  th e  v a r i o u s  s u b s y s t e m s  can each  
e x h i b i t  i t s  i n d i v i d u a l  a b s o r p t i o n  sp ectru m  w i t h  s l i g h t  
p er tu rb at ion a l  c h a n g e s .  Examples o f  compounds in  which t h i s  
has  been o b s e r v e d  i n c l u d e  compounds w i t h  chromophores  s e p a r a t e d  
by a s a t u r a t e d  h ydrocarbon  c h a in  and compounds such a s  b i m e s i t y l
1
2i n  w h ich  s t e r i c  e f f e c t s  p r e v e n t  e f f e c t i v e  i n t e r a c t i o n  o f
p i  c lo u d  s y s t e m s .  E x t e n s i v e  i n t e r a c t i o n s  u s u a l l y  g i v e  r i s e
t o  s p e c t r a  c h a r a c t e r i s t i c  o f  th e  e n t i r e  m o l e c u l e .
The e l e c t r o n i c  t r a n s i t i o n s  o f  f l u o r a n t h e n e  have been  
1 2s t u d i e d  by Ory and Wharton . The d a ta  were  i n t e r p r e t e d  by
Wharton i n  terms o f  e x c i t o n  t h e o r y .  Wharton a l s o  s t u d i e d
3 , 4 - b e n z f l u o r a n t h e n e , 1 1 , 1 2 - b e n z f l u o r a n t h e n e , and 1 ,4 -d i b r o m o -
2 , 3 - b e n z b i p h e n y l e n e . V a r io u s  2 - p h e n y l n a p h t h a l e n e s  and
3 4b e n z f l u o r e n e s  have been s t u d i e d  by H a r r i s  , Hol loway , and 
McDonald^. H a r r i s  i n c l u d e d  s e v e r a l  2 - p h e n y l q u i n o l i n e s  in  h i s  
s t u d i e s .  Hol loway has  done an a n t i s y m m e t r i c a l  s e l f - c o n s i s t e n t  
f i e l d  m o le c u l a r  o r b i t a l  c a l c u l a t i o n  i n c l u d i n g  c o n f i g u r a t i o n  
i n t e r a c t i o n  on th e  p la n a r  2 - p h e n y l n a p h t h a l e n e  m o l e c u l e .  Wharton,  
in  a n o th e r  work c u r r e n t l y  s u bm it te d  fo r  p u b l i c a t i o n ,  has  
i n c l u d e d  h y d r o g e n -h y d r o g e n  r e p u l s i o n  and has e x te n d e d  the  
c a l c u l a t i o n  t o  o t h e r  com form at ions  o f  the  2- p h e n y l n a p h t h a l e n e
^"Horace Ory, Ph.D. D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  
U n i v e r s i t y ,  Baton  Rouge,  L o u i s i a n a  ( 1 9 5 7 ) .
2
James H. Wharton,  Ph.D. D i s s e r t a t i o n ,  L o u i s i a n a  
S t a t e  U n i v e r s i t y ,  Baton  Rouge,  L o u i s i a n a  ( 1 9 6 2 ) .
3James H a r r i s ,  Ph .D. D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  
U n i v e r s i t y ,  Baton Rouge,  L o u i s i a n a  ( 1 9 6 5 ) .
4
H.E. H o l lo w a y ,  Ph.D. D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  
U n i v e r s i t y ,  Baton Rouge,  L o u i s i a n a  ( 1 9 6 7 ) .
^Jimmie R. McDonald,  Ph.D. D i s s e r t a t i o n ,  L o u i s ia n a  
S t a t e  U n i v e r s i t y ,  Baton Rouge,  L o u i s i a n a  ( 1 9 6 8 ) .
3m o l e c u l e .  A l l  o f  t h e s e  com pos i te  m o l e c u l e s  e x h i b i t  
s i g n i f i c a n t  i n t e r a c t i o n  between  arom at ic  r i n g  s y s t e m s .
However,  some o f  t h e i r  s p e c t r a  have been i n t e r p r e t e d  t o  be 
c h a r a c t e r i s t i c  o f  th e  s u bm olecu lar  a ro m a t ic  r i n g  s y s t e m s .
T h is  r e s e a r c h ,  a l o n g  w i t h  th a t  o f  H ol low ay,  was 
i n i t i a t e d  to  o b t a i n  i n f o r m a t i o n  to  c l a r i f y  a n o m a l i e s  found 
in  the  p r e v i o u s  s t u d i e s  o f  t h e s e  compounds. Holloway found 
t h a t  th e  m u l t i p l e  e m i s s i o n s  p r e v i o u s l y  r e p o r te d  f o r  s e v e r a l  
compounds were i n  part  due to  i m p u r i t i e s  and t h a t  a s i n g l e  
e m i s s i o n  of  a p a r t i c u l a r  type  from t h e s e  m o l e c u l e s  i s  normal 
j u s t  as  i t  i s  i n  the  c a s e  o f  most m o l e c u l e s .  F o l lo w in g  t h i s  
d i s c o v e r y ,  Holloway r e - c h a r a c t e r i z e d  and r e - i n t e r p r e t e d  the  
s p e c t r a  o f  p r e v i o u s l y  s t u d i e d  com pos i te  m o l e c u l e s .  The 
p r e s e n t  work, which  i n c l u d e s  s t u d i e s  o f  the s p e c t r a  o f  b i p h e n y l ,  
f l u o r e n e ,  and some o f  t h e i r  d e r i v a t i v e s ,  e x t e n d s  th e  work o f  
Holloway by p r o v i d i n g  a d d i t i o n a l  i n f o r m a t io n  about the s p e c t r a  
o f  com p os i te  m o l e c u l e s .  In b o th  2 - p h e n y ln a p h th a le n e  and 
b i p h e n y l ,  the i n t r o d u c t i o n  o f  a l a r g e  o r th o  s u b s t i t u e n t  can 
p rev en t  the two a ro m a t ic  r i n g  sy s te m s  from becoming c o - p l a n a r .  
Thus d i f f e r e n t  d e g r e e s  o f  i n t e r a c t i o n  between a ro m a t ic  r i n g  
sy s te m s  can be a c h ie v e d  by v a r y i n g  th e  number and s i z e  o f  
s u b s t i t u e n t s  i n  the  o r th o  p o s i t i o n .
B- Baaic Theory
Electronic t r a n s i t io n s  in  organic m olecules are most 
often  d iscu ssed  in  terms o f  molecular o r b i ta l  (MO) theory. In 
unsaturated hydrocarbons the most common t r a n s i t io n  i s  the 
promotion o f an e le c tr o n  from a bonding tt MO to an antibonding  
tt* MO. In M ulliken 's  n o ta tion  these  tt Tt* t r a n s i t io n s  are 
c l a s s i f i e d  as V •- N which in d ic a te s  an increased separation  o f  
charge in  the e x c ite d  s t a t e .  These tt -• n* t r a n s i t io n s  have high  
i n t e n s i t i e s  u n less  they are forbidden by s e le c t io n  r u le s  based 
on molecular symmetry.
A MO energy l e v e l  diagram i s  o f ten  used to show the 
d is t r ib u t io n  o f e le c tr o n s  in  the MO's o f the lower e x c ite d  s t a t e s .  
A o n e-e lec tro n  t r a n s i t io n  i s  denoted by tr a n sferr in g  an e le c tr o n  
from one MO to  another. Most MO diagrams n eg lec t  e le c tr o n  
In te r a c t io n s  and o ften  do not g ive  even q u a l i t a t iv e ly  correct  
r e s u l t s .
S tate  diagrams c o n s t i tu te  a more accurate means of  
d e p ic t in g  e le c t r o n ic  t r a n s i t io n s .  In the fo llo w in g  d isc u ss io n  
the fo llo w in g  symbolism i s  employed:
S^, S^, = S in g le t  e le c t r o n ic  s ta t e s
T^, ** T r ip le t  e le c t r o n ic  s t a t e s
Superscript 0 = lowest v ib r a t io n a l  l e v e l
When no su p erscr ip t  i s  shown thermal equ ilibrium  i s  assumed and
5a t  25°C most m o le c u l e s  are  in  th e  v=0 s t a t e ,  A s u p e r s c r i p t  v 
i s  used to  i n d i c a t e  e x c e s s  v i b r a t i o n a l  en ergy .
S in c e  most o r g a n ic  m o l e c u l e s  have a l l  e l e c t r o n s  p a ired  
in  th e  ground s t a t e  t h i s  s t a t e  i s  a s i n g l e t  and i s  d enoted  by 
S0 . A m o le c u l e  in  the  ground s t a t e  can absorb  energy  and g i v e  
r i s e  to  an e x c i t e d  s i n g l e t  or t r i p l e t  s t a t e .  S i n g l e t - t r i p l e t  
t r a n s i t i o n s  a re  s p i n - f o r b i d d e n , which means t h a t  th e  s p in  
p o r t i o n s  o f  th e  w a v e f u n c t io n s  o f  the  s t a t e s  i n v o lv e d  are  
o r t h o g o n a l .  Thus s i n g l e t - t r i p l e t  t r a n s i t i o n s  u s u a l l y  g i v e  
r i s e  to  e x tr e m e ly  weak a b s o r p t i o n s .  However a m ix ing  o f  th e  
pure s i n g l e t  and th e  pure t r i p l e t  s t a t e s  o c c u r s  as  a r e s u l t  
o f  s p i n - o r b i t a l  c o u p l i n g ,  e s p e c i a l l y  in th e  ne ighborhood o f  
a heavy atom; i n c r e a s e d  s p i n - o r b i t a l  c o u p l i n g  r e s u l t s  in  more 
I n t e n s e  s i n g l e t - t r i p l e t  a b s o r p t i o n s  and more rap id  t r i p l e t -  
s i n g l e t  e m i s s i o n s .  Halogen s u b s t i t u e n t s  in  arom at ic  compounds 
g r e a t l y  d e c r e a s e  th e  p h o sp h o r e s c e n t  l i f e t i m e .  E x te r n a l  heavy  
atom e f f e c t s  have been ob served  by McGlynn a l . ^ .
When an a r o m a t i c  m o l e c u l e  a b s o r b s  l i g h t  and i s  r a i s e d
v
t o  i t s  f i r s t  e x c i t e d  s i n g l e t  s t a t e ,  , i t  v e r y  r a p i d l y  i s  
c o n v e r t e d  t o  t he  z e r o t h  v i b r a t i o n a l  l e v e l  o f  t h a t  e l e c t r o n i c  
s t a t e .
^S.P .  McGlynn and T. Azumi, J ,  Che. P h y s . ,  bO, 507
(1961*).
6I f  no p h otoch em ice1 r e a c t i o n  and no b im o le c u la r  
quenching occur  th e  m o le c u le  may e i t h e r  f l u o r e s c e  (S°  -• + h v ^ ) ,
undergo r a d i a t i o n l e s s  i n t e r n a l  c o n v e r s i o n  (IC) to  a h i g h l y
O V *v i b r a t i o n a l l y  e x c i t e d  ground s t a t e  (S^ -* Sq ) ,  or undergo 
r a d i a t i o n l e s s  i n t e r s y s t e m  c r o s s i n g  (ISC) to  a lower t r i p l e t  s t a t e  
(Si —  T^) .  In the  l a t t e r  c a s e  th e  v i b r a t i o n a l l y  e x c i t e d  t r i p l e t  
r a p i d l y  drops t o  th e  lo w e s t  t r i p l e t  v i b r a t i o n a l  l e v e l  T° .
Once a t  t h i s  l e v e l  the  m o le c u l e  may emit r a d i a t i o n  as p h osph orescence  
(T° -• + hv^) which i s  s p i n - f o r b i d d e n  and u s u a l l y  s low  or i t
may undergo n o n - r a d i a t i v e  i n t e r s y s t e m  c r o s s i n g  to  a h i g h l y  
v i b r a t i o n a l l y  e x c i t e d  ground s t a t e  (T° -» S ^ ) . I f  the  t r i p l e t  
m o le c u l e  should  a c q u ir e  s u f f i c i e n t  thermal energy to  r a i s e  i t
V O /  V O v
to  a l e v e l  i t  may pass  back to  th e  s t a t e  (T^ -* S^) and 
emit  what i s  known as s low f l u o r e s c e n c e .
M o lecu le s  in  the  t r i p l e t  s t a t e  may undergo t r i p l e t -  
t r i p l e t  a b s o r p t i o n .  Such a t r a n s i t i o n ,  a l th o u g h  a l l o w e d ,  i s  
d i f f i c u l t  t o  o b s e r v e  b ecau se  o f  th e  d i f f i c u l t y  in p o p u l a t i n g  
th e  t r i p l e t  s t a t e .
V alues  fo r  the  r a t e  c o n s t a n t s  o f  a number of  p r o c e s s e s  
i n v o l v i n g  th e  e l e c t r o n i c  s t a t e s  can be c a l c u l a t e d  from s p e c t r a l  
d ata  i f  c e r t a i n  a s su m p t ion s  are  made. The v a l i d i t y  o f  t h e s e  
c a l c u l a t i o n s  depends on th e  accu racy  o f  th e  measurements and the
7v a l i d i t y  of the assumptions. For a d e ta ile d  d iscu ss io n  of the
assumptions involved and a more comprehensive d er iv a tio n  o f
7 8ra ts  constant r e la t io n s  than i s  given here, a general te x t  ’ 
should be con su lted .
In the absence o f bimolecular quenching and ir r e v e r s ib le  
photochemical rea ct io n s  the fo llow in g  step s  c o n s t i tu te  the 
Important paths of d e a c t iv a t io n  of a molecule which has been
i i t s lowest s in g le t  s ta te :
hv + Sq -» S^(E xcitation) I
s i SQ + heat(IC)
s i Tj + heat(ISC) ks i £ s i ]
T! S + heat(ISC)
T1 - Sq + hv (Phosphorescence) w
S1 - S + hv <Fluorescence)o * 7 kf t s i ]
The steady s ta te  approximation for the population of axc ited  
s in g le t  s t a t e s  g iv es
I = + kf + kg)[£J^] . . . . 1
in  which I i s  the rate  o f absorption  of l ig h t  in  e i n s t e i n ' s / l i t e r  
se c ,  and [S^] i s  the concentration  o f e x c ited  s i n g l e t s .
^N.J. Turro, Molecular Photochem istry. W.A. Benjamin, 
I n c . ,  Hew York, N.Y., 1967.
g
J.C. Calvert and J.N. P i t t s ,  Photochem istry. John 
Wiley and Sons, I n c . ,  New York, N .Y ., 1966.

A ll  Che q u a n t i t ie s  in  equation 8 except and are measurable.
I f  i t  ia  assumed that a l l  m olecules which do not emit 
are deactivated  in  and not in  S^, then we can w rite
+ heat) = 1 - (4  +4*) . . . . 91 0  p £
and
P . ]
+ heat) = kfc I ~- ___ 10
____11
____12
From equation 7 we obta in
C V  tsL
I k
P
Combining equations 9, 10 and 11 g iv e s
k t  -  y  < F * i
p
I f  d , ,  6 and Tf  are known then k can now be ca lcu la te d  by
i  p  t  S»T
the use of equations 8 and 12 and noting the r e la t io n
Tf  = k„ . . . . 1 3
I f  the t o t a l  quantum y ie ld  o f  em ission  i s  h igh , then 
kp »  and we have the fo llo w in g  approximation o f  equation 8
10
The v a l u e  o f  i s  o f t e n  e s t i m a t e d  from the  o s c i l l a t o r
s t r e n g t h ,  f ,  which may be r e l a t e d  to  the e x p e r im e n ta l  a b s o r p t i o n
9
c o e f f i c i e n t  by th e  f o l l o w i n g  approxim ate  e q u a t io n
f  12 = b.Jj2 x 10 *d v . . . .  1 5
in which J«dv is the integrated absorption band for the transition 
from state 1 to state 2 and v is expressed in wavenumbers.
The in h e r e n t  r a d i a t i v e  l i f e t i m e  To, which i s  the  
l i f e t i m e  t h a t  would be ob served  in  the  a bsen ce  o f  r a d i a t i o n l e s s  
p a th s  o f  d e a c t i v a t i o n ,  can be e x p r e s s e d  by th e  e q u a t io n
„ 3 . 5 * 1 0 8 g 2
T = . .16
i n  which G^/G^ i s  a s t a t i s t i c a l  f a c t o r  which i s  eq ua l  to  one fo r  
s i n g l e t - s i n g l e t  t r a n s i t i o n s  and t h r e e  f o r  s i n g l e t - t r i p l e t  
t r a n s i t i o n s .  A f u r t h e r  a p p rox im at ion  t h a t  i s  o f t e n  used i s
,8
o 3 . 5  * 10
T =
*2v c Avim m  £
. .1 7
in  which  c i s  th e  maximum e x t i n c t i o n  c o e f f i c i e n t  o f  the  band m
and i s  th e  h a l f - w i d t h  o f  th e  band in r e c i p r o c a l  c e n t i m e t e r s ,
I f  i t  i s  assumed th a t  a l l  r a d i a t i o n l e s s  d e a c t i v a t i o n  
o c c u r s  in  , t h e n ,  n o t i n g  t h a t  t^ = 1 /k^ in  t h i s  c a s e ,  we
Q
N .J .  T urro ,  o p . c i t . , p.2i+.
11
o b t a in
Tf kST + k f  kST + 1 / t°  . - . . 1 8
in which t°  and are  r e s p e c t i v e l y  the  i n t r i n s i c  and measured  
f l u o r e s c e n c e  l i f e t i m e s .  By d e f i n i t i o n  o f  terms




in which «S  ^ i s  th e  quantum y i e l d  o f  i n t e r s y s t e m  c r o s s i n g  
(S^ -* T^) .  Combination o f  e q u a t i o n s  19 and 20 g i v e s
i . . . . 2 1
ST
S u b s t i t u t i o n  o f  th e  r e l a t i o n
6C + tfS = 1  22f  pt  
i n t o  e q u a t io n  21 g i v e s
1 kST
i r  = 1 +
*t f
Combining e q u a t i o n s  23 and 18 g i v e s
Tf  ° f  Tf ' . . . . * 4
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Noting that t°  = l'/k  anc o b ta in s  
P P
T  i , —







Combining equation 25 with equation 12 g iv e s
1_* f
T (“ 7--- ) = T . . . . 2 6
P P
In the cases  of biphenyl and most biphenyl d e r iv a t iv e s  
the <- band cannot be i s o la te d  so equation 17 cannot be 
used to  c a lc u la te  the i n t r i n s i c  f lu orescen ce  l i f e t i m e s .  In 
most cases  the experimental f lu orescen ce  l i f e t im e s  are not 
a v a i la b le .  Because these  data are unavailab le  rate  constants  
can be ca lcu la te d  for only a few of the processes  observed in  
t h i s  work. Once f lu o rescen ce  l i f e t im e  measurements have been 
made a l l  rate con stan ts  involved can be r e a d ily  ca lcu la ted  by 
applying the p r ev io u s ly  discusser} approximations and using the 
data  obtained in  t h is  work.
C. L iteratu re  Survey
1. Experimental
Biphenyl i s  known to have an absorption maximum at  
249m^ w ith  an e x t in c t io n  c o e f f i c i e n t  o f  17,000 in  ethanol
13
s o l u t i o n ^ .  This  i s  presumably th e  *- t r a n s i t i o n  in
Platt's '* '* n o t a t i o n ,  which w i l l  be used  h e r e .  Carr and 
12S t r u e c k l e n  found a d d i t i o n a l  maxima at  200 and 170m|j,. Weak
a b s o r p t i o n  bands o f  th e  c r y s t a l  have been ob served  at about
13300mn by Coffman and McClure and s i m i l a r  bands o f  b ip h e n y l
l ii
have been ob served  at  298mp. in  e t h a n o l  s o l u t i o n  by Gondo
There i s  s t i l l  no agreement about th e  i n t e r p r e t a t i o n
o f  t h e  b ip h e n y l  spectrum.  P l a t t * ^  p o s t u l a t e d  th a t  th e  •- *A
i s  h idden  under the  more i n t e n s e  *L *- *A band. Wensel*^ hasa
proposed  th a t  th e  250mH band i s  a s u p e r p o s i t i o n  o f  a s t r o n g  and 
a weak t r a n s i t i o n  c o r r e s p o n d in g  to  th e  210 and 260mp. bands o f  
b en zen e .  The e x i s t e n c e  o f  t h e  h id den  t r a n s i t i o n  in  b ip h e n y l
3776 .
(1 9 3 6 )
(1 9 3 5 )
*^E. A. Braude and W.F. F o r b e s ,  J .  Chem. S o c . , 1955.■ ' - ^ w w
**J .R .  P l a t t ,  J .  Chem. P h y s . , 17 .  1+86 ( 1 9 6 9 ) .
12E.P. Carr and H. S t u e c k l e n ,  J.  Chem. P h y s . , 6 ,  76011
*^R. Coffman and D.S .  McClure,  Can. J . Chem. , 3 6 , 68 
*Sf .  Gondo, Chem. P h y s . , 6 1 ,  3988 ( 1 9 6 6 ) .’ km
*^J.R. P l a t t ,  J_;_ Chem. Phys . , 19 .  101 (19 51) -
*^A. W enzel ,  J . Chem. P h y s . , 2 1 ,  603 (1953)*
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has been corroborated by D a le ^  who used the pressed KCl-disc
technique to measure the absorption spectrum of biphenyl in
the c r y s t a l l in e  s ta te  and found s  weak band at 275ny (36.4kK)
and an Intense band at 2S3m  ^ (39.5kK). Dale suggested that the
weak band may be assigned to a tra n sv erse ly  polarized  t r a n s i t io n .
The e f f e c t  of the Introduction  of variou s  s u b s t i tu te
groups in to  various p o s i t io n s  of the biphenyl r ing  has been
e x te n s iv e ly  in v e s t ig a te d  and the r e s u lt in g  changes in  the
e le c t r o n ic  absorption spectrum of the parent compound has been
r a t io n a l iz e d .  The e f f e c t  o f  s u b s t i tu t io n s  in  the s t e r i c a l l y
s e n s i t iv e  ortho p o s i t io n  has been a subject of sp e c ia l  I n te r e s t .
18O'Shaughnessy and Rodebush suggested in  1940 that the marked
changes in  the spectra caused by ortho s u b s t i tu t io n  are due
to d i f f e r e n c e s  id  the angle between rings that change the
conjugation  betweeh the two phenyl groups o f  the tsolecule
19across  the l , l ' - b o n d .  P ic k e t t  e t  a l .  had e a r l ie r .n o te d  
that the spectrum o f  b lm e s ity l  resembles that of 
m eslty len e  rather than that of b iphenyl. S im ilar r e s u l t s
^ J .  Dale, Acta Chem. Scand.. 11, 650 (1957).
T. O'Shaughnessy and W.H. Rodebush, J . Am. Chem. 
S o c . . 62, 2906 (1940).
19L.W. P ic k e t t ,  G.F. Walter and H. France, J_j_ Am. Chem. 
S o c . . 58, 2296 (1936).
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20were o b ta in e d  by Jones  who ob served  th a t  the s p e c t r a  o f  
9 , 1 0 - d ip h e n y la n t h r a c e n e  i s  very  s i m i l a r  t o  t h a t  o f  anthracene  
i t s e l f .  The same i s  t r u e  in  the  c a s e  o f  9 - p h e n y la n thr a cen e  in  
which s t e r i c  h in d ran ce  a lm ost  c e r t a i n l y  p r e v e n t s  c o - p l a n a r i t y  
o f  the  phenyl r i n g .
I n tr o d u c i n g  a l k y l  s u b s t i t u e n t s  i n t o  th e  b ip h e n y l  
chromophore c a u s e s  the  l e a s t  p e r t u r b a t i o n  o f  the  p arent  spectrum  
and t h e r e f o r e  s t e r i c  e f f e c t s  can be more r e a d i l y  i s o l a t e d  in th e  
c a s e  o f  a l k y l  b ip h e n y l s  than in  th e  c a s e  o f  b i p h e n y l s  t h a t  have  
powerfu l  auzochromic s u b s t i t u e n t s .  The s o l u t i o n  s p e c t r a  o f
a l k y l  b i p h e n y l s  have been e x t e n s i v e l y  d i s c u s s e d  by Braude and
21 22 Forbes  and by E v e r i t t , H a l l ,  and Turner . A l+-methyl group
g i v e s  r i s e  to  a red s h i f t  and an i n c r e a s e  in i n t e n s i t y  o f  the
band and a second methyl group in  the  V  p o s i t i o n
roughly  d o u b le s  the magnitude o f  t h e s e  c h a n g e s .  Both 3-methyl
and 3 , 3 ' - d i m e t h y l b i p h e n y l  have s p e c t r a  th a t  are more l i k e  th a t
o f  b ip h e n y l  i t s e l f ;  t h i s  probably  r e s u l t s  from the  l e s s e r
enhancement o f  c o n j u g a t i o n  a c r o s s  the 1 - 1 '-bond s i n c e  in  the
c a s e s  o f  2 - m e t h y l  and 2 ,2 ' - d i m e t h y  lb i phe ny  I t h e  «- A band i s
20
R.N. J o n e s ,  J .  Am. Chem. S o c . ,  6 7 ,  2127 (19^*5) ■
21 E.A. Braude and W.F. F o r b e s ,  l o c .  c i t .
22 P.M. E v e r i t t ,  D.M. H a l l  and E.E. Turner ,  J.  Chem. 
S o c . , 1 9 5 6 , 2286 .
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markedly  d e c r e a s e d  In i n t e n s i t y  and i s  b lu e  s h i f t e d .  New lo n g
w a v e l e n g t h  f e a t u r e s ,  p o s s i b l y  th e  ♦- *A band, o ccu r  in  the
s p e c t r a  o f  b o th  t h e s e  compounds. In  t h e  a b s e n c e  o f  s t e r i c
e f f e c t s  o r t h o  and para s u b s t i t u t i o n  would be e x p e c t e d  to  g i v e
e s s e n t i a l l y  th e  same r e s u l t s .
A s e r i e s  o f  2 , 2 ' - d i h a l o b i p h e n y l s  has been s t u d i e d  by 
23Beaven and H a l l  . A p r o g r e s s i v e  r e d u c t i o n  i n  i n t e n s i t y  and an 
i n c r e a s i n g  b l u e  s h i f t  o f  t h e  — ^A band w ere  no ted  a s  th ed
h a l o g e n  was changed in  the  seq u en ce  F,  C l ,  Br and I .  There was
a comcomitant  ap p earance  o f  lo n g  w a v e l e n g t h  s t r u c t u r e .  As in
th e  c a s e  o f  th e  o r t h o  s u b s t i t u t e d  a l k y l  b i p h e n y l s  t h e s e  s p e c t r a l
ch an ges  a r e  o p p o s i t e  t o  what would be e x p e c t e d  in  t h e  a b s e n c e  o f
s t e r i c  e f f e c t s .
S t e r i c  e f f e c t s  upon the  e m i s s i o n s  o f  b ip h e n y l  and i t s
d e r i v a t i v e s  have e v i d e n t l y  r e c e i v e d  l i t t l e  c o n s i d e r a t i o n  a l t h o u g h
both  the  f l u o r e s c e n c e  and p h o s p h o r e s c e n c e  o f  b i p h e n y l  have been
24measured under v a r i o u s  c o n d i t i o n s .  P e s t e i l  ejt a 1. made 
measurements  on a c r y s t a l  a t  2°K and r e p o r t e d  t h a t  th e  f i r s t
25f l u o r e s c e n c e  band l i e s  a t  33.34kK ( 2 9 9 . 9mp,) . Nakamizo and Kanda
23G.H. Beaven and D.M. H a l l ,  J .  Chem. S o c . . 1 9 5 6 , 4637 .
24 P. P e s t e i l  and M. Barbaron,  J_^  p h y s .  radium. 15 ,  92
( 1 9 5 4 ) .
25M. Nakamizo and Y. Kanda, S p e c tr o c h im .  A c t a . 19,
1235 ( 1 9 6 3 ) .
ob served  th e  f l u o r e s c e n c e  o f  b ip h e n y l  in c y c l o h e x a n e  at  20°C.
They found the  0 , 0  band at  33-1-OkK (302mM>) and subsequent  
bands at 3 l .9 9 k K  (^l^mii) and 3 0 . 86kK (32Lm|i).  Lewis and Kasha 
o b ta in e d  a p h o sp h o res cen ce  spectrum w ith  a h igh  energy  peak
22.0okK (639mM‘) from b ip h e n y l  in  EPA a t  90°K. In t h e i r  s tudy
27o f  c r y s t a l l i n e  b ip h e n y l  at  2°K, P e s t e i l  and Babaron r e p o r te d  
s e v e n t e e n  bands between 25.23kK (396.0m(J<) and 21,66kK ( ^ 6 l . 7 mu)
pQ
and l o c a t e d  the 0 , 0  band at  24.87kK (l+0.21mM,). Kanda e t  a l .  
s t u d i e d  the p h o sp h o r e s c e n c e  spectrum o f  b ip h e n y l  in c y c lo h e x a n e
s o l u t i o n  a t  90°K  and l o c a t e d  th e  0 , 0  band at  2 2 . 9 3 ^ K .  A fte r
29P a u l i n g ' s  p r e d i c t i o n  th a t  s t e r i c  i n t e r a c t i o n s  between  the  or th o  
hydrogen atoms sh ou ld  p rev en t  the  two r i n g s  o f  b ip h e n y l  from b e ­
coming co p la n a r  th e  geometry  o f  b ip h e n y l  was e x t e n s i v e l y  i n v e s t i g a t e d .  
E l e c t r o n  d i f f r a c t i o n  m e a s u r e m e n t s ^  on b ip h e n y l  in  the vapor phase i n ­
d i c a t e  th a t  th e r e  i s  a 65° a n g le  between th e  r i n g s .  More r e c e n t  e l e c t r o n
. N. Lewis and M. Kasha,  J .  Am. Chem. Soc .  , 6 6 , 2100
( 1 9 W ) .  ~
^'P .  P e s t e i l  and M. B arb aron , Loc. c i t .
28 Y. Ka n d a .  R.  Shimada and Y. S a k a i ,  S p e c tr o c h im .  A c t a ,
17, 1 U 9 6 0 .
29 L. P a u l i n g ,  The Nature o f  the  Chemical  Bond, C o r n e l l  
U n i v e r s i t y  P r e s s ,  I t h a c a ,  N . Y . , 1939-
5 ° 0 .  B a s t i a n s e n ,  Acta Chem. S c a n d . ,  6 , 926 (193^)*
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d i f f r a c t i o n  r e s u l t s ^  g i v e  a s l i g h t l y  d i f f e r e n t  v a lu e  o f  b2°. 
T r o t t e r ^ ,  u s i n g  x - r a y  d i f f r a c t i o n ,  o b ta in e d  a v a lu e  o f  0 °  
f o r  the c r y s t a l l i n e  s t a t e  which i n d i c a t e s  t h a t  s t e r i c  h in drance  
to  p l a n a r i t y  i s  not  too  g r e a t .  E l e c t r o n  d i f f r a c t i o n  r e s u l t s ^  
i n d i c a t e  th a t  t h e  2 , 2 ' - d i h a l o b i p h e n y l s  are not p la n a r  m o l e c u l e s ;  
th e  I n te r a n n u l a r  a n g le  v a r i e s  from 60°  in the  c a s e  o f  th e  
2 , 2 ' - d i f  lu o ro  compound to  79°  *-n t h a t  o f  2 , 2 ' - d i i o d o b i p h e n y 1 . 
Furthermore both  e l e c t r o n  d i f f r a c t i o n  s t u d i e s  and d i p o l e  moment 
measurements i n d i c a t e  t h a t  th e  e q u i l i b r i u m  a n g le  between r i n g s  of  
t h e s e  compounds c o rr es p o n d s  more n e a r l y  t o  a c i s  than to  a t r a n s  
c o n f o r m a t i o n .  The e l e c t r o n  d i f f r a c t i o n  v a lu e s  l o r  t h e  bond 
a n g le s  are in f a i r  agreement  w i t h  t h o s e  c a l c u l a t e d  f o r  the
3*+c i s  con form at ion  when van der Waal's  r a d i i  are assumed.
^ A .  Almenntngen and 0 .  B a s t i a n s e n ,  K l g . Norske  
Videns S e l s k .  S k r i f t e r ,  1958 ,  U.
. Tret t e r ,  Acta C r y s t . , 18 ,  l l 7;- (1961 ' .
D. B a s t i a n s e n  and L. Smedvik,  Acta Chem. Scand . , 8 ,
I v j i  ( 19 5 ) •
y^E.A. Braude,  P r o g r e s s  in  S t e r e o c h e m i s t r y , e d i t e d  by 
W. K lyn e ,  Chapter , B u t terw o rth s  , London, 1958.
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2.  T h e o r e t i c a l
A t h e o r e t i c a l  approach t o  the  e l e c t r o n i c  s t r u c t u r e
35o f  b ip h e n y l  was f i r s t  a t t em p ted  by London who c o n s t r u c t e d
th e  w a v e f u n c t i o n s  o f  b ip h e n y l  from l i n e a r  com b in a t io n s  of
benzene MO's. His  method was based on th e  framework o f  th e
method o f  a n t i s y m m e tr iz e d  p r o d u c t s  o f  m o le c u la r  o r b i t a l s  which
36had been  a p p l i e d  by Goeppert-Mayer and S k la r  t o  a c a l c u l a t i o n
36a
o f  th e  lower  e x c i t e d  l e v e l s  o f  b e n z e n e .  S tew art  gave a
r e v i s i o n  o f  London's  c a l c u l a t i o n  and c o r r e l a t e d  the  lower
e x c i t e d  en ergy  l e v e l s  o f  a p la n a r  model o f  b ip h e n y l  w i t h  th o s e
37o f  b en zen e .  S ch err  , u s i n g  a p r e v i o u s l y  d e v e lo p e d  f r e e
38e l e c t r o n  network model , c a l c u l a t e d  a l l  the  e n e r g y  l e v e l s  and 
th e  w a v e le n g t h s  o f  the  f i r s t  fou r  e l e c t r o n i c  t r a n s i t i o n s  fo r  
b ip h e n y l  and many o t h e r  compounds.  The r e s u l t s  of  h i s  c a l c u l a t i o n s  
are  n o t  s u f f i c i e n t l y  in  agreement w i t h  ex p er im en t  t o  a l l o w  
a s s ig n m e n t  o f  th e  observed  t r a n s i t i o n s  in  b i p h e n y l .  However,
^ A .  London, Chem. P h y s . . 13, 396 ( 1 9 4 5 ) .
36M. Goeppert-Mayer and A.L. S k l a r ,  J^ _ Chem. P h y s . . 6 ,
645 ( 1 9 3 8 ) .
36a
E.T .  S t e w a r t ,  J .  Chem. S o c . . 1958,  4016 .
■^C.W. S c h e r r ,  J .  Chem. P h y s . . 21, 1582 ( 1 9 5 3 ) .
38K. Ruedenberg and C.W. S c h e r r ,  JL_ Chem. P h y s . . 21,
1565  ( 1 9 5 3 ) .
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h is  p r e d ic t io n s  o f 312n^ (32.10kK) for the ^  «- A^ tr a n s i t io n
1 1
and 253ffi  ^ (39.50kK) for the *L /  t r a n s i t io n  may be
reasonably good i f  there i s  indeed a hidden tr a n s i t io n .
39Davydov applied the theory o f  molecular exc ito n s
to  b iphenyl. This theory considers that the spectroscop ic
p ro p ert ies  o f  a composite system of weakly in te r a c t in g  parts
are determined by the p rop ert ies  of the in d iv idu a l parts and
allow s for mutual p erturbations. The r e s u lt s  obtained for
biphenyl were rather poor; probably the in te r a c t io n  between
rings i s  too great for a p p lic a t io n  of molecular e x c ito n  theory
which makes only a lim ited  allowance for the p o s s i b i l i t y  of
40e le c tr o n  tr a n s fe r .  McClure has d iscussed  the theory of the 
tra n sfe r  o f  e le c t r o n ic  energy between the two parts of a 
double m olecule, na w e ll  £8 between two m olecules, in  the 
case when v ib r a t io n a l  quanta are present. The theory was 
applied  q u a l i t a t iv e ly  in  the interpretation o f the spectrum 
of c r y s t a l l in e  b iphenyl.
41Longuet-Higgens and Murrell ca lcu la ted  the energy 
l e v e l s  o f biphenyl by considering  the in te r a c t io n  of two
39A.P. Davydov, Theory of Molecular E xciton s.  McGraw-Hill 
Co., New York, N.Y-, 1962.
40
D.S. McClure, Can. J. Chem.. 36, 59 (1958).
41H.C. Longuet-Higgins and J.N. M urrell, Proc. Phy.
Soc. (London). A68, 601 (1955).
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benzen e  r i n g s  and t a k i n g  b o th  l o c a l l y  e x c i t e d  and charge
t r a n s f e r  i n t e r a c t i o n s  i n t o  a c c o u n t .  Only th e  p la n a r  and
p e r p e n d i c u l a r  c o n f o r m a t i o n s  were c o n s i d e r e d  and i n t e n s i t y
c a l c u l a t i o n s  were o m i t t e d .  They i n t e r p r e t e d  th e  r e s u l t s
o f  th e  c a l c u l a t i o n s  by c o r r e l a t i n g  th e  e l e c t r o n i c  s t a t e s  o f
b i p h e n y l  w i t h  t h o s e  o f  b e n z e n e .  The c a l c u l a t e d  e n e r g y  o f  the
f i r s t  t r a n s i t i o n  was 5 . 5 8 e v  (45 .00k K )  which  i s  much t o o  h i g h .
42I g u c h i  c a l c u l a t e d  the  en e r g y  o f  th e  lower  s t a t e s  
by means o f  a p r o c e d u r e  i n  w h ich  o n l y  the  e x c i t e d  c o n f i g u r a t i o n s  
a r i s i n g  through  t h e  prom otion  o f  an e l e c t r o n  from one o f  the  
t h r e e  h i g h e s t  bonding  t o  one o f  the t h r e e  l o w e s t  non -b on d in g  
MO's were  c o n s i d e r e d .
43Goodwin and M orton-Blake  d e r i v e d  a s im p le  non-bonded  
H-H r e p u l s i o n  p o t e n t i a l  f u n c t i o n  in  e x p o n e n t i a l  form f o r  
b i p h e n y l .  They combined t h i s  f u n c t i o n  w i t h  th e  r e s u l t s  o f  an 
e l e c t r o n i c  e n e r g y  c a l c u l a t i o n  based  on th e  Huckel  a p p r o x im a t io n  
and v a r i e d  the  p a r a m e te r s  in  the  H-H r e p u l s i o n  f u n c t i o n  u n t i l  
t h e y  o b t a i n e d  a minimum i n  the  t o t a l  p o t e n t i a l  en e r g y  curve  
o f  b i p h e n y l  a t  th e  o b s e r v e d  e q u i l i b r i u m  a n g l e  o f  4 2 ° .  T h is
42
K. I g u c h i ,  P h y s . S o c . Japan.  12 ,  1250 ( 1 9 5 7 ) .
43 T.H. Goodwin and D.A. M o r to n -B la k e ,  T h e o r e t .  chim.  
A c t a  ( B e r l . ) . 458  ( 1 9 6 3 ) .
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s im p le  t r e a tm e n t  n e g l e c t s  changes  in  l e n g t h  o f  the  1 , 1 ' -bond
upon r o t a t i o n .  The im portance  o f  t h i s  change has been d i s c u s s e d  
44by Cook .
45Adrian c a l c u l a t e d  the  s t e r i c  and r e s o n a n t  e n e r g i e s  
of  b ip h e n y l  as  a f u n c t i o n  o f  the  i n t e r p l a n a r  a n g l e ,  0, and found  
a c l o s e  b a la n c e  between the  two q u a n t i t i e s .  By combining t h e s e  
two q u a n t i t i e s  a s h a l lo w  minimum o f  about 0 . 4 k  c a l / m o l e  in  
t h e  t o t a l  p o t e n t i a l  en erg y  curve was found a t  20° < 0 < 30° .
Such a broad s h a l lo w  minimum i n d i c a t e s  v i r t u a l l y  f r e e  r o t a t i o n .
46 47 48Gondo a p p l i e d  the  P a r i s e r - P a r r  method * to
b ip h e n y l  u s i n g  s im ple  forms o f  the symmetry o r b i t a l s  c o n s t r u c t e d
from 2prr AO's a s  m o le c u la r  o r b i t a l s .  C a l c u l a t i o n s  were made
fo r  i n t e r a n n u l a r  a n g l e s  o f  0 ° ,  45° and 9 0 ° .  The 90° con form at ion
c a l c u l a t i o n s  gave r e s u l t s  e n t i r e l y  d i f f e r e n t  from th o s e  th a t
44
D. Cook, J .  Chem. P h y s . . 28,  1001 ( 1 9 5 8 ) .
^ F . J .  Adrain ,  JL_ Chem. P h y s . . 2 8 , 608 ( 1 9 5 8 ) .
46 Y. Gondo, l o c .  c i t .
47 R. P a r i s e r  and R.G. Parr ,  J_^  Chem. Phys .  . 21,  466
( 1 9 5 3 ) .
48
R. P a r i s e r ,  Chem. P h y s . . 24,  250 ( 1 9 5 6 ) .
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are  o b s e r v e d .  In th e  c a s e s  o f  b oth  the  0 °  and 45° co n fo rm a t io n s
weak bands are  p r e d i c t e d  a t  4 . 6 2 e v  (37 .3k K ,  268mp.) and 4 .6 4 e v
(37 .4kK ,  267ni)i), r e s p e c t i v e l y .  The en ergy  l e v e l s  o f  the e x c i t e d
s t a t e s  i n v o lv e d  are  d e s c r i b e d  in  terms o f  n e g a t i v e  w a v e f u n c t i o n s .
S in ce  the  ground s t a t e  i s  d e s c r i b e d  by a p o s i t i v e  w a v e fu n c t io n
and th e  t r a n s i t i o n  moment i s  p o s i t i v e ,  th e  c a l c u l a t e d  o s c i l l a t o r
s t r e n g t h  i s  n e g a t i v e  and the  p r e d i c t e d  i n t e n s i t y  o f  a b s o r p t i o n
i s  z e r o .  V ib r o n ic  i n t e r a c t i o n  may produce a band o f  small
i n t e n s i t y  c o r r e s p o n d in g  to  th e  h idden  t r a n s i t i o n  p o s t u l a t e d
f i r s t  by P l a t t ^  and l a t e r  by W e n z i l 5^. Contrary to  P l a t t ’ s
p r e d i c t i o n s ,  Gondo's c a l c u l a t i o n s  p la c e  the h id d en  t r a n s i t i o n
a t  a lower  en e r g y  than t h a t  o f  th e  c o n j u g a t i o n  or — A^3
band. The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  agree  w i t h  the  
e x p e r i m e n t a l  v a lu e  o f  298mp, t h a t  was found f o r  t h i s  t r a n s i t i o n  
by Gondo in  th e  case  o f  b ip h e n y l  in  e t h a n o l  s o l u t i o n .  Gondo 
c o r r e c t e d  the c a l c u l a t i o n s  o f  L o n g u e t -H ig g in s  and M urre l l  and 
o b ta in e d  an en erg y  l e v e l  o f  4 . 6 9 e v  (37.8RK, 264m^). This  probably  
c o r r e s p o n d s  to  th e  4 . 6 2 e v  e n e r g y  l e v e l  o f  the p lanar  con form at ion  
o b t a in e d  by Gondo,
49
J .R .  P l a t t ,  J .  Chem. P h y s . . 19 ,  101 ( 1 9 5 1 ) .
^ A .  W e n z i l ,  l o c .  c i t .
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G rinter"^  r e c e n t l y  c a r r i e d  out  c a l c u l a t i o n s  for  
models  o f  b ip h e n y l  w i t h  45°  and 90°  i n t e r a n n u l a r  a n g l e s  u s in g  
Huckel typ e  o r b i t a l s  and a c o n f i g u r a t i o n  i n t e r a c t i o n  w i t h  a l l  
s i n g l y  e x c i t e d  s t a t e s .  Coulomb i n t e g r a l s  f o r  n o n -n e ig h b o r s  
were d e r i v e d  by means o f  the  charged sphere  ap p rox im at ion  and 
f o r  n e ig h b o r s  a P a r i s e r - P a r r  typ e  i n t e r p o l a t i o n  formula  was 
u s e d .  The re s o n a n ce  i n t e g r a l  0 was assumed to  be p r o p o r t i o n a l  
to  th e  o v e r l a p  i n t e g r a l  and z e r o  d i f f e r e n t i a l  o v e r l a p  was 
assumed e l s e w h e r e .  The p r e d i c t e d  en e r g y  of  th e  f i r s t  band,  
42.5kK (230mp,), was much t o o  h ig h .
52U sing  th e  P a r i s e r - P a r r  method, Suzuki c a r r i e d  out  
s im p le  LCAO MO c a l c u l a t i o n s  on b ip h e n y l  a t  v a r i o u s  in t e r a n n u l a r  
a n g l e s .  U t i l i z i n g  the r e s u l t s  o f  the c a l c u l a t i o n s  and the  
a b s o r p t i o n  s p e c t r a  o f  b ip h e n y l  i n  th e  c r y s t a l l i n e  s t a t e ,  in  
s o l u t i o n ,  and i n  the  vapor  phase he i n f e r r e d  t h a t  the  most  
prob ab le  co n fo r m a t io n s  were 20° in  s o l u t i o n  and 4 0 - 4 3 °  i n  the  
vapor p h ase .  The v a l u e  fo r  the vapor  phase a g r e e s  q u i t e  w e l l  
w i t h  th e  e x p e r i m e n t a l  v a l u e s  and the v a l u e  in  s o l u t i o n  seems
G r i n t e r ,  M o le c u la r  P h y s i c s .  1^ 1. 197 ( 1 9 6 6 ) .
“^ H .  S u zu k i ,  B u l l . Chem. S o c . Japan . 32,  1340 ( 1 9 5 9 ) .
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r e a s o n a b le  a l th o u g h  i t  has not y e t  been conf irmed e x p e r i m e n t a l l y .
53Suzuki a p p l i e d  t h i s  method t o  v a r i o u s  a l k y l  s u b s t i t u t e d  b i p h e n y l s
and o b ta in e d  i n t e r a n n u l a r  a n g l e s  o f  58° and 7 0 ° ,  r e s p e c t i v e l y  for
2 -m ethy l  and 2 , 2 1- d i m e t h y l b i p h e n y l  in  s o l u t i o n .  By u s in g  a
s c a l e  model i n  which  an o r th o -h y d r o g e n  atom j u s t  touched  the
o r t h o - m e t h y l  group o f  2 - m e th y lb ip h e n y l  he o b ta in e d  a v a lu e  o f
62° w hich  i s  i n  good agreement w i t h  the  c a l c u l a t e d  v a l u e .
54G o l e b ie w s k i  and P arczew sk i  used a com binat ion  o f  the  
Coulson  and Senant^^ method, which u t i l i z e s  out  o f  p lan e  
c o o r d i n a t e s ,  and the SCF LCAO MO method t o  c a l c u l a t e  the  
con form at ion  o f  an i s o l a t e d  b ip h e n y l  m o le c u le  a t  e q u i l i b r i u m .
A v a l u e  o f  41°  50'  was o b ta in e d  f o r  the  a n g le  o f  r o t a t i o n ;  
t h i s  r e s u l t  a g r e e s  q u i t e  w e l l  w i t h  the  e x p e r i m e n t a l  v a l u e ,  as  
do th e  p r e d i c t e d  bands a t  246 and 197m^. HMO's were a l s o  
used but gave r e s u l t s  s l i g h t l y  i n f e r i o r  to  th o s e  o f  the  SCF 
LCAO MO method.
53H. S u zuki ,  B u l l . Chem. S o c . Jap an . 3 2 , 1350 ( 1 9 5 9 ) .
54A. G o l e b ie w s k i  and A. P a r c z e w s k i ,  T h e o r e t . chim. Acta  
( B e r l . ) . _7, 171 ( 1 9 6 7 ) .
"^C.A. Coulson  and S. Sen ant ,  J_j_ Chem. S o c . . 1955,
1819 .
CHAPTER I I  
METHODS AND MATERIALS
A. S o l v e n t s
1.  Hydrocarbons
P h i l l i p s  pure grade 3 -m eth y lp en ta n e  (3MP) and i s o p e n t a n e  
were p u r i f i e d  by s t i r r i n g  p o r t i o n s  o f  the hydrocarbons  w i t h  two 
s u c c e s s i v e  p o r t i o n s  o f  fuming s u l f u r i c  a c i d .  They were then  
r i n s e d  tw ic e  w i t h  w a t e r ,  t w ic e  w i t h  a s a t u r a t e d  s o l u t i o n  of  
sodium c a r b o n a te ,  and t w ic e  more w i t h  w a t e r .  A f t e r  d r y in g  fo r  
24 hours  o ver  anhydrous  magnesium s u l f a t e  t h e y  were  d i s t i l l e d  
a t  a r a t e  o f  2 0 -30  drops  per minute through a 30 in ch  column 
packed w i t h  g l a s s  b ea d s .  No a p p r e c i a b l e  a b s o r p t i o n  at  e n e r g i e s  
l e s s  than 47.60kK and no a p p r e c i a b l e  e m i s s i o n  were c o n s id e r e d  
to  be s u f f i c i e n t  c r i t e r i a  f o r  p u r i t y .
2 .  E th y l  A lc o h o l
For most work, 957» e t h y l  a l c o h o l  from U.S .  I n d u s t r i a l  
Chemical  Company was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
3.  EPA
A commercial  m ix tu re  o f  e t h y l  e t h e r ,  i s o p e n t a n e ,  and 
e t h y l  a l c o h o l  in  a volume r a t i o  5 : 5 : 2 ,  r e s p e c t i v e l y  from the
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Hartman-Leddon Company was used w i th o u t  p u r i f i c a t i o n .
B. P u r i f i c a t i o n  of  Compounds
1 .  B ipheny l
B ip h en y l  from Eastman Kodak Company was r e c r y s t a l l i z e d  
fou r  t im es  from 957  e t h a n o l .  The l a s t  b a tc h  of  c r y s t a l s  was 
subl imed  t w i c e .  The second s u b l im a te  was used w i t h  no f u r t h e r  
p u r i f i c a t i o n  s i n c e  n e i t h e r  the a b s o r p t i o n  nor th e  e m i s s i o n s  
i n d i c a t e d  the p r e s e n c e  o f  any im p u r i ty .  A second p o r t i o n  o f  
th e  Eastman product  was heated  to  100°C w i t h  p o ta s s iu m  d ichrom ate  
in  g l a c i a l  a c e t i c  a c i d  for  one hour.  The c r y s t a l s  which  formed 
upon c o o l i n g  were r e c r y s t a l l i z e d  once from g l a c i a l  a c e t i c  a c id  
and four  t im es  from 957, e t h a n o l .  The a b s o r p t i o n ,  e m i s s i o n s  and 
quantum y i e l d s  o f  t h i s  sample were i d e n t i c a l  w i t h  th o s e  o f  the 
sample p u r i f i e d  by the o th e r  p r o ced u re .
2. 4-Methylbiphenyl
A product  of  K&K L a b o r a t o r i e s ,  which  was pure w h i t e  
when r e c e i v e d ,  was p u r i f i e d  by four r e c r y s t a l l i z a t i o n s  from 
957. e t h a n o l  f o l l o w e d  by two s u b l i m a t i o n s  under vacuum. S p e c t r a l  
d a ta  gave no i n d i c a t i o n  o f  i m p u r i t i e s .
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3.  2 -M eth y lb ip h en y l
A product  o f  K&K. L a b o r a t o r i e s  was u sed .  S in c e  the  
sample was l i q u i d  a t  room temperature  (M.P. - 0 .2 ° C )  both  
r e c r y s t a l l i z a t i o n  and zone r e f i n i n g  were i m p r a c t i c a l .  The 
p u r i t y  o f  th e  sample was t e s t e d  w i t h  a c a p i l l a r y  gas  chromatograph  
and o n l y  t r a c e s  o f  i m p u r i t i e s  were found.  A p o r t i o n  o f  the  
product was co o le d  in  an a c e t o n e - d r y  i c e  bath  u n t i l  about h a l f  
the sample c r y s t a l l i z e d .  These c r y s t a l s  were s e p a r a te d  and 
subl imed under vacuum to  o b t a i n  th r e e  f r a c t i o n s  and th e  middle  
f r a c t i o n  was used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
4 .  3 -M eth y lb ip h en y l
A product  from K&K L a b o r a t o r i e s  was p u r i f i e d  in  the  
manner d e s c r i b e d  above f o r  2 - m e t h y l b i p h e n y l . The o r i g i n a l  
m a t e r i a l  was c o l o r e d ,  a l t h o u g h  gas  chromatography i n d i c a t e d  
o n ly  t r a c e  i m p u r i t i e s .  Most o f  the c o l o r  was removed by the  
r e c r y s t a l l i z a t i o n  o f  the m elt  and the f i r s t  s u b l i m a t i o n  removed 
a l l  th e  rem ain in g  c o l o r e d  i m p u r i t i e s  and gave pure w h i t e  c r y s t a l s .  
C a r e fu l  s tu d y  o f  the  e m i s s i o n s  showed no s p u r io u s  e m i s s i o n s  or 
o t h e r  e v i d e n c e s  o f  i m p u r i t i e s .
29
5.  4 - F l u o r o b i p h e n y l
T h i s  compound, a product  o f  K&K L a b o r a t o r i e s ,  was 
p u r i f i e d  by th e  proced ure  d e s c r i b e d  f o r  4 - m e t h y l b i p h e n y l .
The compound was c r y s t a l l i n e  and c o l o r l e s s  when i t  was r e c e i v e d .
6 .  2 -F l u o r o b i p h e n y l
T h is  compound, a product  o f  K&K L a b o r a t o r i e s ,  was a l s o  
p u r i f i e d  in  th e  manner d e s c r i b e d  f o r  4 - m e t h y l b i p h e n y l .  The 
compound was c o l o r l e s s  and c r y s t a l l i n e  when r e c e i v e d .
7.  4 - Bromobiphenyl
T h is  compound from K&K L a b o r a t o r i e s  was c o l o r e d  when 
r e c e i v e d .  Two r e c r y s t a l l i z a t i o n s  from 95% e t h a n o l  gave pure 
w h i t e  c r y s t a l s .  These c r y s t a l s  were r e c r y s t a l l i z e d  tw ic e  more 
from 95% e t h a n o l  and subl imed on ce .  The second o f  th r e e  f r a c t i o n s  
from the  s u b l i m a t i o n  was u s e d .  The o r i g i n a l  m a t e r i a l  e x h i b i t e d  a 
low i n t e n s i t y  band t o  the  b lu e  o f  the  t r u e  f l u o r e s c e n c e  band.
T h is  e x t r a n e o u s  e m i s s i o n  was not  d e t e c t a b l e  in  the  e m i s s i o n  of  
th e  p u r i f i e d  product  even  when maximum a m p l i f i c a t i o n  and maximum 
s l i t w i d t h  were  u s e d .
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8 .  2-Bromoblphenvl
The product  r e c e i v e d  from K&K L a b o r a t o r i e s  was a 
dark brown l i q u i d .  S in c e  o n l y  about  two ml o f  product  was 
a v a i l a b l e  no a t tem p t  was made t o  c o l l e c t  c r y s t a l s  by c o o l i n g  
i n  th e  manner used in  t h e  c a s e  o f  o t h e r  compounds t h a t  were  
l i q u i d  above 0°C. A sample was subl imed under vacuum to  g i v e  
t h r e e  f r a c t i o n s .  The f i r s t  f r a c t i o n  was d i s c a r d e d  and the  
m id d le  f r a c t i o n  was resu b l im ed  t o  g i v e  t h r e e  more f r a c t i o n s .
The middle  f r a c t i o n ,  now c o l o r l e s s ,  was subl imed and the  middle  
f r a c t i o n  th en  used .  The o r i g i n a l  product  gave e x t r a n e o u s  
a b s o r p t i o n  bands and e m i s s i o n s  which were  not o b ta in e d  when the  
p u r i f i e d  product  was u s e d .
An a t t e m p t  was made t o  p u r i f y  the  product  by means o f  
an Autoprep gas  chromatograph. The middle  p o r t i o n  o f  the  main 
f r a c t i o n  was c o l l e c t e d  a s u f f i c i e n t  number o f  t im e s  to  g i v e  
a u s u a b le  amount o f  compound. The p r o d u c t ,  however,  was c o l o r e d  
and gave e x t r a n e o u s  e m i s s i o n s .
9 .  3-Bromobiphenyl
The prod uct  r e c e i v e d  from K&K L a b o r a t o r i e s  was a brown 
l i q u i d .  I t  was p u r i f i e d  by the s u b l i m a t i o n  method d e s c r ib e d  
in  the  c a s e  o f  2*brom obipheny l .
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10.  4 -C h l o r o b ip h e n y l
T h is  product was r e c e i v e d  from K&K L a b o r a t o r i e s  in  
th e  form o f  pure w h i t e  c r y s t a l s .  The product  was p u r i f i e d  by 
f o u r  r e c r y s t a l l i z a t i o n s  from 957. e t h a n o l  f o l l o w e d  by two 
s u b l i m a t i o n s  under vacuum. No s p e c t r a l  e v i d e n c e  o f  i m p u r i t i e s  
was noted  b e f o r e  or a f t e r  p u r i f i c a t i o n .
11 .  2 -C h lo r o b ip h e n v l
The compound r e c e i v e d  from K&K L a b o r a t o r i e s  was a 
l i g h t  brown m a t e r i a l  t h a t  was l i q u i d  a t  room te m p e r a tu r e .  A 
p o r t i o n  was r e c r y s t a l l i z e d  t w i c e  from 957. e t h a n o l  s o l u t i o n  by 
c o o l i n g  th e  s o l u t i o n  t o  about -10°C to  promote c r y s t a l l i z a t i o n .  
The r e s u l t i n g  c r y s t a l s  were w h i t e  and m elted  a t  31 .5 °C .  These  
c r y s t a l s  were f r a c t i o n a l l y  subl imed t w ic e  under vacuum. The 
r e s u l t i n g  product  m elted  at  about 32°C.
12.  3 -C h lo r o b ip h e n y l
The product  r e c e i v e d  from K&K L a b o r a t o r i e s  was a 
c o l o r l e s s  l i q u i d .  P u r i f i c a t i o n  was accom p l i she d  by th r e e  
s u b l i m a t i o n s  done in  th e  manner d e s c r i b e d  in  th e  c a s e  o f  
2 - m e t h y l b i p h e n y l . The r e s u l t i n g  product  showed no e v i d e n c e  
o f  im p u r i ty .

33
evidence o f impurity.
15. 2-Bromofluorene
The product received  from K&K Laboratories was a pale  
yellow-brown. The product was r e c r y s ta l l i z e d  twice from 957* 
ethanol and sublimed once under vacuum. This product was then 
compared w ith  one which had undergone four r e c r y s t a l l i z a t io n s  and 
a s in g le  sublim ation . The absorption and em ission  spectra o f  
both p u r if ied  samples were id e n t i c a l .
C. Spectroscop ic  Measurements
1. U lt r a v io le t  Absorption Measureraents
A Cary Model 14 Recording Spectrophotometer was used 
to  measure the absorption of a l l  compounds s tu d ied . Wavelength 
measurements were accurate to  ilS i when read from the wavelength  
in d ic a to r .  The reso lv in g  power o i  the monochioiu-itor i s  reported  
by the manufactuer to  be l£  throughout the range 1900-13 ,000X.
The so lv e n ts  for t h is  work were p u r if ied  in  the manner 
p rev io u s ly  d escr ibed . The room tempereture was maintained at  
about 25°C by a thermostat so no other temperature con tro l was 
employed for  measurements at ambient temperatures. Absorption
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s p e c t r a  o f  compounds in  r i g i d  g l a s s y  s o l u t i o n  a t  77°K were  
o b ta in e d  by the  method d e s c r i b e d  by W i l l i a m s o n ‘S . S o l v e n t s  
used f o r  low tem perature  measurements were  EPA and a 1 :6  m ixture  
o f  3 -m e th y lp e n ta n e  and i s o p e n t a n e .  The l a t t e r  s o l v e n t  forms a 
v e r y  t r a n s p a r e n t  r i g i d  g l a s s  w i t h o u t  s h a t t e r i n g  th e  1 cm square  
q u a rtz  a b s o r p t i o n  c e l l s  used fo r  the  measurements .  To make the  
measurements t h e  sample c e l l  was suspended i n s i d e  a l i q u i d  
n i t r o g e n  f i l l e d  q u artz  dewar f l a s k  by means o f  a g l a s s  rod 
a t t a c h e d  t o  a ground g l a s s  s to p p e r  which f i t t e d  the  sample c e l l .  
The s to p p e r  was secured  to  th e  c e l l  by means o f  a sm al l  p i e c e  
o f  tygon  t u b i n g .  A sample c e l l  f i l l e d  w i t h  s o l v e n t  a t  room 
t em perature  served  as a r e f e r e n c e .  Measurements o f  m a t e r i a l s  
in  EPA s o l v e n t  a t  77°K were made in  a s i m i l a r  manner e x c e p t  t h a t  
a 2 cm d ia m eter  q u a r tz  t e s t  tube was used i n s t e a d  o f  a square  
c e l l .  S c a t t e r  from t h i s  s o l v e n t  was g r e a t e r  so i t s  u s e f u l n e s s  
was l i m i t e d .
2 .  E m iss ion  Measurements
The Cary Model 14 Recording S p ectrop h otom eter  was 
used  as  a d e t e c t o r  f o r  r e c o r d in g  a l l  e m i s s i o n  s p e c t r a  r e p o r te d  
in  t h i s  work.  The e m i t t e d  r a d i a t i o n  from th e  sample e n t e r e d  the
^ L . H .  W i l l i a m s o n ,  Ph.D. D i s s e r t a t i o n ,  L o u is ia n a  S t a t e  
U n i v e r s i t y ,  Baton Rouge,  L o u is ia n a  ( 1 9 6 5 ) ,  p . 22.
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Cary S p ec tro m eter  through the v i s i b l e  l i g h t  so u r c e  l e n s  on th e
58back o f  the  in s tru m ent  in  the  manner d e s c r i b e d  by Hol loway  
The sample h o ld e r  was d e s ig n e d  so t h a t  th e  e m i t t i n g  sample i s  
l o c a t e d  a t  th e  f o c a l  p o i n t  o f  th e  v i s i b l e  l i g h t  o p t i c a l  s y s te m .  
The samples  were  e x c i t e d  by use o f  a s p e c i a l l y  d e s ig n e d  Cary 
Model 15 monochromator coupled  t o  a 250 w at t  xenon a r c  l i g h t  
s o u r c e .  The e x c i t i n g  monochromator was p o s i t i o n e d  to  g i v e  f r o n t  
s u r f a c e  i l l u m i n a t i o n  o f  a sample when the sample tube was 
c e n t e r e d  i n  the  dewar f l a s k .
The f l u o r e s c e n c e  s p e c t r a  o f  a l l  compounds th a t  have  
s u f f i c i e n t  i n t e n s i t y  were  recorded  a t  77°K. B ip h en y l  and 
f l u o r e n e  f l u o r e s c e n c e  s p e c t r a  were  a l s o  measured a t  room 
te m p e r a tu r e .  The p h o s p h o r e s c e n c e s  o f  a l l  compounds were  
s u f f i c i e n t l y  i n t e n s e  t o  be recorded  when the Cary Model 15 
monochromator w i t h  th e  250 w a t t  xenon a rc  was used as  an 
e x c i t a t i o n  s o u r c e .  Whenever i t  was d e s i r e d  t o  i s o l a t e  th e  
p h o s p h o r e s c e n c e  e m i s s i o n ,  a r o t a t i n g  d i s c  B ecq u ere l  type  
p hosp’noroscope  was used i n  c o n j u n c t i o n  w i t h  e x c i t a t i o n  by the  
f u l l  i n t e n s i t y  o f  a G enera l  E l e c t r i c  AH-6 mercury a r c .  In the  
c a s e s  o f  compounds hav ing  low p h o sp h o r e s c e n t  y i e l d s  t h i s  method 
o f  e x c i t a t i o n  gave s l i g h t l y  improved r e s o l u t i o n .
58 Holloway* op,  c i t , . p . 30.
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3 .  Quantum Y i e l d  Measurements
F l u o r e s c e n c e  and p h o s p h o r e s c e n c e  quantum y i e l d  
measurements  were  made on a l l  th e  compounds s t u d i e d  i n  t h i s  
r e s e a r c h .  The measurements  were  made in  th e  manner p r e v i o u s l y  
d e s c r i b e d  f o r  e m i s s i o n  measurem ents .  A s m a l l  p l a s t i c  s p a c e r  
was used t o  e x a c t l y  c e n t e r  th e  sample tube f o r  ea ch  measurement.  
These  measurements  i n v o l v e d  com parison  of  the  a r e a s  under th e  
e m i s s i o n  c u r v e s  under  c o n d i t i o n s  o f  e q u a l  a b s o r p t i o n  o f  e n e r g y .  
T h e r e f o r e  t h e  c o n c e n t r a t i o n  o f  each  compound i n  3 - m e th y lp e n ta n e  
was a d j u s t e d  t o  g i v e  th e  same o p t i c a l  d e n s i t y  a t  the  w a v e l e n g t h  
o f  e x c i t a t i o n .  The m a j o r i t y  o f  compounds absorbed  most s t r o n g l y  
a t  about  250iqj,. However,  the  low i n t e n s i t y  o f  e x c i t i n g  l i g h t  
a t  t h i s  w a v e l e n g t h  cou p led  w i t h  p e r s i s t e n t  problems o f  s c a t t e r  
by th e  monochromator a t  t h i s  w a v e l e n g t h  l e d  t o  the  c h o i c e  o f  
270mp, a s  the  optimum w a v e l e n g t h  o f  e x c i t a t i o n .  I t  was found  
t h a t  r e s u l t s  o b t a i n e d  w i t h  250mg, e x c i t a t i o n  l i g h t  could  be 
c o r r e c t e d  by s u b t r a c t i n g  the  a rea  due t o  s c a t t e r .  These  
c o r r e c t e d  r e s u l t s  a g r e e d  q u i t e  w e l l  w i t h  t h o s e  o b t a i n e d  w i t h  
270mp, e x c i t i n g  l i g h t .  Each t ime the  quantum y i e l d s  o f  a s e r i e s  
o f  compounds was measured ,  b ip h e n y l  was i n c l u d e d  as a r e f e r e n c e  
i n  order  t o  c o r r e c t  f o r  p o s s i b l e  changes  in  the  i n t e n s i t y  o f  the
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l i g h t  source  or in  the  photo tub e  r e s p o n s e .  The same sample
tube  was o r i e n t e d  in  th e  same d i r e c t i o n  f o r  a l l  measurements .
In  ea ch  c a s e  the  s o l u t i o n  was d eg a s se d  t w ic e  to  remove oxygen
and then  a l lo w e d  t o  c o o l  f i f t e e n  m in u tes  in  l i q u i d  n i t r o g e n
b e f o r e  measurements were made. A f t e r  t h e  e m i s s i o n s  were recorded
under t h e s e  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s ,  the  a r e a s  under the
c u r v e s  were determined  by w e i g h i n g .  These a r e a s  were  c o r r e c t e d
t o  the same s l i t w i d t h  a s  t h a t  used f o r  b ip h e n y l  by assuming th e
i n t e n s i t y  to  be p r o p o r t i o n a l  t o  the square o f  the  d e t e c t o r
s l i t w i d t h .  T h is  as su m p t ion  was found to  be good f o r  s l i t w i d t h s  o f
2mm or l e s s .  The quantum y i e l d s  were determined  by comparing
the  c o r r e c t e d  a r e a s  w i t h  th e  c o r r e s p o n d in g  a r e a s  o f  b ip h en y l
and assuming th e  quentum y i e l d  o f  e m i s s i o n  to  be p r o p o r t i o n a l
to  th e  c o r r e c t e d  a r e a s .  The y i e l d s  o f  b ip h e n y l  o b ta in e d  by
59Parker  and Hatchard were  used as  a b a s i s  f o r  c a l c u l a t i o n s  
b eca u s e  the  r e s p o n s e  curve o f  th e  phototu be  was unknown. The 
r e s p o n s e  curve o f  the  m anu fac turer  showed no r e s p o n s e  in  the  
lo w er  w a v e le n g th  r e g i o n s  o f  the f l u o r e s c e n c e .  The adopted  
method i s  f e l t  to  be q u i t e  adequate  s i n c e  th e  f l u o r e s c e n c e  
and p h o sp h o r e s c e n c e  r e s p e c t i v e l y  o f  a l l  compounds occur  in  the
59 C.A. Parker and G.G. Hatchard,  A n a l y s t . 87^ , 664
( 1 9 6 2 ) .
same w a v e le n g t h  r e g i o n s .  I f  u l t i m a t e l y  d i f f e r e n t  and more 
a c c u r a t e  r e s u l t s  a re  o b ta in e d  fo r  the  y i e l d s  o f  b i p h e n y l ,  the  
p r e s e n t  r e s u l t s  can e a s i l y  be c o r r e c t e d  t o  conform. At th e  
p r e s e n t  t ime th e r e  i s  no e v i d e n c e  t h a t  th e r e  i s  e r r o r  i n  the  
v a l u e s  o f  th e  y i e l d s  ch osen  as  s ta n d a r d .
CHAPTER I I I
EXPERIMENTAL RESULTS AND DISCUSSION
A. S p e c t r a  o f  Biphenyl
The a b s o r p t i o n  spectrum o f  b ip h e n y l  (F ig u r e  1) from
9 5#  e t h a n o l  s o l u t i o n  a t  room tem p eratu re  d i s p l a y s  a s i n g l e ,
broad s t r u c t u r e l e s s  band in t h e  r e a d i l y  a c c e s s i b l e  u l t r a v i o l e t
r e g i o n  w i th  a maximum a t  2L9.0mp, PkO. l 6 k K ) . N e i t h e r  the
a b s o r p t i o n  spectrum o f  th e  hydrocarbon s o l u t i o n  ( F i g u r e  2)
at  7T°K nor t h a t  o f  th e  vapor shows an i n c r e a s e  in s t r u c t u r e .
The ob served  i n t e n s e  band at  2L9mp., w i t h  e = 17 ,5^0  , i smax
l i k e l y  th e  *- ^A band w ith  th e  much l e s s  i n t e n s e  ^L  ^ *- ^A
band h idd en  in  the  lon g  w a v e len g th  t a i l .  C lo s e  ex a m in a t io n  o f  
t h i s  long w a v e le n g th  t a i l  i n d i c a t e s  th e  e x i s t e n c e  o f  a band at  
about 2b0nui,. In the  c a s e  o f  th e  room tem perature  a b s o r p t i o n
6ospectrum o f  2 - p h e n y ln a p h t h a le n e  in  JMP, Holloway ob served
th e  ^L •- "^A t r a n s i t i o n  which has i t s  maximum at  287mH- The
a b s o r p t i o n  spectrum o f  2 - p h e n y ln a p h t h a le n e  from a 3MP s o l u t i o n
at 77°K showed i n c r e a s e d  s t r u c t u r e  in th e  "^L *- "^A band.a
The lack  o f  s t r u c t u r e  in the  a b s o r p t i o n  spectrum o f  
b ip h e n y l  in s o l u t i o n  may be r e a d i l y  e x p l a i n e d  in terms o f  the  
geometry o f  th e  m o l e c u l e .  B ip h en y l  i s  n o n - p l a n a r  in  the  vapor
^ H o l l o w a y ,  o p . c i t . , p.L^.
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phase with an interannular angle of about 45° and la  estimated
to  have an interannular angle o f  20° in s o l u t i o n . ^  Goodwin 
62and Morton-Blake in terpreted  the equilibrium  angle to  r e s u lt
from a balancing of s t e r i c  rep u ls ion  between the ortho hydrogens
th at opposes p la n a r ity  and e le c tr o n  d e lo c a l iz a t io n  due to  the
P -o r b i t a l  overlap across  the 1 - 1 ' -bond that introduces a z
tendency toward p la n a r ity .  The authors ca lcu la ted  the t o ta l  
energy of the system as a function  o f the in terplanar angle  
and estim ated that the zero point energy ' ■ planar biphenyl
i s  only 1 Kcal/mole higher than that for the model with a 
42° interannular an g le .  This small hindrance to  r o ta t io n  
and the very shallow p o te n t ia l  energy w e l l  at the equilibrium  
angle undoubtedly contribute  to  the lack of s tructure in  the 
absorption  spectrum because there i s  consequently a Boltzman 
d is t r ib u t io n  o f ground s ta te  m olecules w ith  d i f f e r e n t  r o ta t io n s .  
C r y s ta l l in e  b iphenyl, however, e x h ib i t s  considerab le  s tructure  
and a large r e d - s h i f t  in the absorption spectrum. X-ray
^ S u z u k i ,  lo c .  c . i t .
62Goodwin and Morton-Blake, lo c .  c i t .
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f a c t o r s ,  g i v e  an i n c r e a s e d  ten d en cy  toward p l a n a r i t y  by 
promoting a p a r t i a l  double  bond between  th e  r i n g s .  T h is  
enhancement o f  p l a n a r i t y  may be p a r t l y  c o u n t e r a c t e d  or c o m p l e t e l y  
overwhelmed by s t e r i c  or i n d u c t i v e  e f f e c t s  th a t  w i l l  be d i s c u s s e d  
l a t e r .
Meta s u b s t i t u e n t s  would be e x p e c t e d  t o  have much l e s s
e f f e c t  on re s o n a n ce  s t r u c t u r e s  i n v o l v i n g  both  r i n g s  than  would
o r th o  or para s u b s t i t u e n t s .  However,  i n d u c t i v e  e f f e c t s  might
weaken the  bond between r i n g s  by d e c r e a s i n g  th e  bond d e n s i t y
and hence  d e s t a b i l i z e  a p la n a r  c o n f i g u r a t i o n .
The f l u o r e s c e n c e  and p h o sp h o res cen ce  s p e c t r a  o f  b ip h e n y l
a r e  shown in  F ig u r e  3.  The f l u o r e s c e n c e  o f  b ip h e n y l  from 3MP
s o l u t i o n  a t  77°K shows s t r u c t u r e  w i t h  a v i b r a t i o n a l  s p l i t t i n g  of
11.05kK and has the  0 , 0  band a t  302 .8mp, (33 .03kK) w hich  i s
c o n s i d e r a b l y  r e d s h i f t e d  from th e  lo w e s t  en erg y  a b s o r p t i o n  even
64i f  th e r e  i s  a h idden  t r a n s i t i o n  at  275mp, as c la im ed  by Gondo 
and s u g g e s t e d  in  t h i s  work.  For comparison ,  P e s t e i l  and
B a b a r o n ^  o b ta in e d  a v l u e  o f  2 9 9 . 9m^ (33 .34kK) fo r  the 0 , 0
o 66
f l u o r e s c e n c e  band o f  th e  c r y s t a l  a t  2 K and Nakamizo and Kanda
64Gondo, l o c .  c i t .
^ P e s t e i l  and Babaron, l o c .  c i t .
^N akam izo  and Kanda, l o c .  c i t .
re p o r te d  a v a lu e  o f  3b 2 , Imp, (3_j>.10kK) f ° r b ip h e n y l  in c y c lo h e x a n e  
s o l u t i o n  at  room tem perature  w i t h  a v i b r a t i o n a l  s p l i t t i n g  o f
l l . l O k K .  Both th e  i n c r e a s e  in s t r u c t u r e  and the red s h i f t  may 
be e x p l a i n e d  by assuming th a t  the  e x c i t e d  s i n g l e t  s t a t e  i s  
s t a b i l i z e d  in a p la n a r  c o n f i g u r a t i o n  and r e t u r n s  to  a Franck-  
Condon p la n a r  ground s t a t e  upon e m i s s i o n .  Coffman and McClure 
observed  a d i f f u s e  maximum at  ( ^ 0 0 . 2mp.) in  the  a b s o r p t i o n
spectrum o f  c r y s t a l l i n g  b i p h e n y l .  Th is  v a lu e  i s  in  e x c e l l e n t  
agreement w i t h  both  th e  s o l u t i o n  and c r y s t a l l i n g  f l u o r e s c e n c e .
Even the  f i r s t  sharp band th a t  he o b s e r v e s  at  29b . 6mp, ( jJ -T lk K )
68i s  in  r e a s o n a b le  agreem en t .  Hol loway compared the f l u o r e s c e n c e  
e m i s s i o n  o f  2- p h e n y ln a p h th a le n e  in r ighd g l a s s y  3 -MP at  77°K 
w ith  the  c r y s t a l  a b s o r p t i o n  spectrum o f  2 -p h e n y ln a p h th a le n e  and 
found an e x c e l l e n t  m irror  image r e l a t i o n s h i p .
A d d i t i o n a l  support  fo r  th e  p o s t u l a t e d  p lan ar  e x c i t e d  
s t a t e  o f  b ip h e n y l  i s  o b t a i n e d  by comparing the 0,0  band o f  the  
f l u o r e n e  a b s o r p t i o n  ( F i g u r e  22j at 77' K o f  299*'6mp ( j ^ . ' b k K )  
w it h  the  0 , 0  band o f  the  b i p h e n y l  f l u o r e s c e n c e  ob served  at 
3 0 2 .Bmp, ( 5 5 . f' 3kl O,  T h is  c ompa r i s on  w i l l  be d i s c u s s e d  l a t e r .
Coffman and McClure,  l o c . c i t .
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69F r u h l i n g  o b ta in e d  Raman f r e q u e n c i e s  f o r  molten  
b ip h e n y l  o f  309 ,  736 ,  997,  1277 and 1606 cm * and a s c r i b e d  
the  1277 cm  ^ f r e q u e n c y  to  the s t r e t c h i n g  v i b r a t i o n  o f  the  
C-C bond between th e  r i n g s .  The 1105 cm  ^ s p l i t t i n g  o f  the  
f l u o r e s c e n c e  i s  somewhat l e s s  than  t h i s  due perhaps t o  s o l v e n t  
e f f e c t s  and t o  a d i f f e r e n c e  in  geometry  between the  e q u i l i b r i u m  
ground s t a t e  o f  the  m olten  m a t e r i a l  and the p la n a r  Franck-Condon  
ground s t a t e  in  s o l u t i o n .
The p h o sp h o r e s c e n c e  o f  b ip h e n y l  i n  3MP a t  77°K 
(F i g u r e  3) has a 0 , 0  band a t  4 3 6 . 2m  ^ (22.93kK) w hich  l i e s  
lO.lOkK below th e  f l u o r e s c e n c e  0 , 0  band. V i b r a t i o n a l  s t r u c t u r e  
i s  a g a in  observed  w i t h  an en ergy  s p l i t t i n g  o f  1350 cm * which  
i s  h ig h e r  than t h a t  o f  the f l u o r e s c e n c e  and h ig h e r  than the  
c o r r e s p o n d in g  Raman f r e q u e n c y .  Kanda7^ l o c a t e d  the p hosp h orescen ce  
0 , 0  band a t  4 3 5 . 7my, (22 .95kK ) in  c y c lo h e x a n e  a t  90°K. His  
s p e c t r a , recorded  on p h o to g r a p h ic  p l a t e s ,  show much v i b r a t i o n a l  
s t r u c t u r e  w i t h  s p l i t t i n g s o f  310,  750,  1010,  1270 and 1605 cm * 
in  c y c l o h e x a n e .  His r e s u l t s  in  EPA a t  90°K correspond c l o s e l y  
to  t h o s e  r e p o r te d  here  from 3MP s o l u t i o n s  a t  77°K. He o b t a i n s
69
A. F r u h l i n g ,  Ann. P h y s . . 6,  401 ( 1 9 5 1 ) .
70Y. Kanda, R. Shimada, and Y. Lakai,  S p ec tro ch im .  A c t a . 
1 7 ,  1 ( 1 9 6 1 ) .
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a 0 , 0  band o f  4 3 6 . Imp, (22 .93kK) and a s p l i t t i n g  o f  1380 cm * 
which  p rob ab ly  i s  due to  f a i l u r e  t o  r e s o l v e  the 1010,  1270 and 
1605 cm s p l i t t i n g s  which were o b ta in e d  when c y c lo h e x a n e  was 
used as  a s o l v e n t  a t  90°K.
U sing  p h o sp h o res cen ce  e x c i t a t i o n  M a r c h e t t i  and 
K e a r n s ^  determ ined  th e  s i n g l e t - t r i p l e t  a b s o r p t i o n  o f  b ip h e n y l  
and obtained  a shou lder  at  about 375mp (2 6 .6 7 k K ) .  T h is  sh o u ld e r  
i s  3.74kK to  the  b lu e  of  the h i g h e s t  en ergy  p h osp h orescen ce  
band. The s i n g l e t - s i n g l e t  a b s o r p t i o n  s h o u ld e r  a t  275mp, i s  
3 . 35kK to  the b lu e  o f  th e  f l u o r e s c e n c e  0 , 0  band. I f  t h e s e  
v a l u e s  prove to  be r e l i a b l e ,  th e r e  i s  a d d i t i o n a l  e v i d e n c e  fo r  
p l a n a r i t y  o f  b ip h e n y l  i n  both  the l o w e s t  e x c i t e d  s i n g l e t  and 
t r i p l e t  s t a t e s .
B. S p e c tr a  o f  4 -M eth y Ib ip h en y l
The a b s o r p t i o n  spectrum of  4 - m e t h y lb ip h e n y l  (F ig u r e  1 ) ,  
s i m i l a r  t o  t h a t  o f  b i p h e n y l ,  e x h i b i t s  a broad s t r u c t u r e l e s s  band 
w i t h  a maximum at  2 5 2 . 4mp, (39.62kK) and has an e x t i n c t i o n  
c o e f f i c i e n t  o f  1 9 , 5 0 0 .  Th is  red s h i f t  and i n t e n s i t y  i n c r e a s e  
i s  normal fo r  the  s u b s t i t u t i o n  o f  a methyl group in  an a ro m a t ic
^ A . P .  M a r c h e t t i  and D.R. Kearns,  J.  Am. Chem. S o c . .
89 ,  768 ( 1 9 6 7 ) .
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TABLE I
EMISSION FREQUENCIES OF BIPHENYL
F l u o r e s c e n c e
_EDU  i L _  Av
2 9 8 . 5  3 3 . 5 0  0
3 1 0 . 0  3 2 . 2 6  1 . 2 4
3 2 1 . 0  3 1 . 1 5  1 .11
P h o sp h o r escen ce  
mu, kK Av
4 3 9 . 0  2 2 . 7 8  0
4 6 6 . 5  2 1 . 4 4  1 . 3 4
4 9 5 . 0  2 0 .2 0  1 . 2 4
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TABLE I I
EMISSION FREQUENCIES OF 4-METHYLBIPHENYL
F l u o r e s c e n c e  
mu kK Ay
3 0 5 . 0  3 2 . 7 9  0
3 1 5 . 0  3 1 . 7 5  1 . 0 4
3 2 4 . 5  3 0 . 8 2  0 . 9 3
P h o s p h o r e s c e n c e
_ ! S u   J s K   A y
4 3 8 . 0  2 2 . 8 3  0
4 6 6 . 0  2 1 . 4 6  1 .37
4 9 3 . 5  2 0 .2 7  1 .1 9
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s y s t e m .  B ipheny l  i t s e l f  can have four  f o l l o w i n g  c o n t r i b u t i n g  
reson an ce  s t r u c t u r e s  t h a t  i n v o l v e  both r i n g s .  I f  th e r e  are  no 
s t e r i c  e f f e c t s  th e  s u b s t i t u t i o n  o f  an e l e c t r o n  r e l e a s i n g  group,  
such as a methyl group ,  i n t o  e i t h e r  the o r th o  or para p o s i t i o n  
should  s t a b i l i z e  s t r u c t u r e s  i n v o l v i n g  a s e p a r a t i o n  o f  ch a r g e .
H y p e r c o n ju g a t i o n ,  i f  such a t h i n g  e x i s t s ,  i n v o l v i n g  
th e  methyl  group would a l s o  i n c r e a s e  the  number o f  c o n t r i b u t i n g  
s t r u c t u r e s  and hence  lower  th e  energy  o f  th e  sy s te m .  S t r u c t u r e s  
i n v o l v i n g  a d ouble  bond between r i n g s  would a l s o  h e lp  s t a b i l i z e  
a c o p la n a r  co n fo r m a t io n  and t h e r e f o r e  sh ou ld  lower th e  energy  
o f  the  e x c i t e d  p lan ar  s t a t e  r e l a t i v e  to  th a t  o f  the  n o n -p la n a r  
e x c i t e d  s t a t e .
The f l u o r e s c e n c e  spectrum o f  i ; -m eth y lb ip h en y l  from 
3MP s o l u t i o n  a t  77°K (F ig u r e  U) shows a 0 , 0  band at 3 0 5 -0 m  ^
(32 .79kK) and a v i b r a t i o n a l  s p l i t t i n g  o f  1.0i+kK. This  c o n s t i t u t e s  
a r e d - s h i f t  o f  th e  f l u o r e s c e n c e  0 , 0  band o f  1.24kK r e l a t i v e  to  
th a t  o f  b i p h e n y l .  The a b s o r p t i o n  maximum, r e d - s h i f t e d  0 .
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from th a t  o f  b i p h e n y l ,  c o rr espo n d s  to  th e  -  *A t r a n s i t i o n .
d
C o n s e q u e n t ly ,  i t s  s h i f t  cannot  be compared w i t h  the  f l u o r e s c e n c e  
s h i f t  which i s  l i k e l y  t h a t  o f  a ^A t r a n s i t i o n .  In the
a b s o r p t i o n  spectrum o f  4 - m e t h y lb ip h e n y l  from 95% e t h a n o l  
s o l u t i o n  th e  •- A^ t r a n s i t i o n  i s  not  r e s o l v e d  but appears  
t o  be l o c a t e d  a t  about 285m^. The f l u o r e s c e n c e  0 , 0  band o f  
4 - m e t h y lb ip h e n y l  from 3MP s o l u t i o n  a t  77°K i s  c o n s i d e r a b l y  
r e d - s h i f t e d  from t h i s  p o s i t i o n .  T h is  i n d i c a t e s  t h a t  a b s o r p t i o n  
t a k e s  p la c e  to a Franck-Condon r o t a t e d  e x c i t e d  s i n g l e t  s t a t e ,  
r e a r r a n g e s  to  a more s t a b l e  p lan ar  e x c i t e d  s i n g l e t  s t a t e ,  and 
e m i t s  as  the  m o le c u le  r e t u r n s  t o  a Franck-Condon p la n a r  ground 
s t a t e .
The p h o sp h o res cen ce  spectrum o f  4 - m e t h y lb ip h e n y l  
from 3MP s o l u t i o n  a t  77°K e x h i b i t s  a 0 , 0  band, r e d - s h i f t e d  w i t h  
r e s p e c t  t o  t h a t  o f  b i p h e n y l ,  a t  4 3 8 . Omp, (22.83kK) and a 
v i b r a t i o n a l  s p l i t t i n g  o f  1.37kK.
C. S p e c tr a  o f  2 -M eth y lb ip h en y l
The a b s o r p t i o n  spectrum o f  2 - m e t h y l b i p h e n y l ,  shown 
in  F ig u r e  5,  shows some lo n g  w a v e le n g t h  s t r u c t u r e  w i t h  an 
i n f l e c t i o n  a t  about  270mpk (3 7 -0 4 k K ) .  The *- ^A band
cl
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( c o n j u g a t i o n  band) i s  b l u e - s h i f t e d  2.39kK from t h a t  o f  b ip h e n y l
t o  2 3 5 . Omp, (4 2 .55kK ) and a d e c r e a s e d  e x t i n c t i o n  c o e f f i c i e n t  o f
721 0 , 5 0 0  i s  o b s e r v e d .  Hol low ay  o b t a i n e d  a s i m i l a r  b l u e - s h i f t  
and e x t i n c t i o n  c o e f f i c i e n t  d e c r e a s e  when he compared th e  3MP 
s o l u t i o n  s p ec trum  o f  2 - p h e n y l n a p h t h a l e n e  and t h a t  o f  2 - m e t h y l -  
2 - p h e n y l n a p h t h a l e n e . I f  no s t e r i c  f a c t o r s  were  i n v o l v e d ,  
o r t h o  s u b s t i t u t i o n  in  b i p h e n y l  shou ld  a f f e c t  the  spec tru m  in  
a manner s i m i l a r  t o  t h a t  o f  para s u b s t i t u t i o n .  However th e  
l a r g e  h in d r a n c e  to  p l a n a r i t y  in  t h i s  c a s e  r e d u c e s  c o n j u g a t i o n  
a c r o s s  th e  1 ,1 -b o n d  and th u s  shou ld  i n c r e a s e  th e  e n e r g y  o f  both  
the ground s t a t e  and the  e x c i t e d  s t a t e .  S in c e  a b l u e - s h i f t  
i s  o b s e r v e d  th e  e n e r g y  i n c r e a s e  o f  th e  e x c i t e d  s i n g l e t  s t a t e  
must be g r e a t e r  than t h a t  o f  th e  ground s t a t e .  T h is  i n d i c a t e s  
th a t  t h e  e n e r g y  o f  th e  e x c i t e d  s i n g l e t  s t a t e  i s  more s e n s i t i v e  
t o  g eom etry  than i s  t h e  s i n g l e t  ground s t a t e .
The long  w a v e l e n g t h  band may be l i t t l e  changed from 
a s i m i l a r  band in  b i p h e n y l  but i t  may be o b s e r v a b l e  in  t h i s  c a s e  
due t o  th e  b l u e - s h i f t  o f  th e  c o n j u g a t i o n  band. T h i s  band i s  
presu m ably  the •- band. S e p a r a t i o n  o f  th e  two t r a n s i t i o n s
might  be p o s s i b l e  by means o f  p o l a r i z a t i o n  s t u d i e s ;  however ,  
Coffman and McClure n oted  no change in  p o l a r i z a t i o n  i n  th e
72 H o l lo w a y ,  op.  c i t . . p . 61 .
55
a b s o r p t i o n  s p e c t r u m  of  c r y s t a l l i n e  b i p h e n y l .
I h e  f l u o r e s c e n c e  s p e c t r u m  o f  2 - m e t h y l b i p h e n y l  ( F i g u r e  6) 
i s  b l u e - s h i f t e d  f rom t h a t  of  b i p h e n y l  a s  i s  t h e  a b s o r p t i o n .  
R e s o l u t i o n  i s  v e r y  poor  b u t  a s h o u l d e r  i s  d i s c e r n i b l e  a t  287mp, 
( 34 . 85R K) .  A l t h o u g h  t h e  f l u o r e s c e n c e  s h i f t s  t o  t h e  b l u e  and 
t h e  *- *A band i s  o b s e r v a b l e ,  t h e r e  i s  s t i l l  an a p p r e c i a b l e  
e n e r g y  d i f f e r e n c e  be t ween  t h e  f l u o r e s c e n c e  and a b s o r p t i o n .
Aga i n ,  t h i s  s u g g e s t e s  t h a t  t h e r e  i s  a d i f f e r e n c e  in ge o me t r y  
b e t wee n  t h e  a b s o r b i n g  ground  s t a t e  and t h e  e m i t t i n g  e x c i t e d  
s t a t e ;  howeve r ,  t h e  d i f f e r e n c e  i s  no t  a s  g r e a t  a s  t h a t  i n  t h e  
c a s e  o f  b i p h e n y l  b e c a u s e  even  i n  t he  e x c i t e d  s t a t e  p l a n a r i t y  
c a n n o t  be a c h i e v e d  and t h e  added b a r r i e r  t o  p l a n a r i t y  i n  t h e  
ground  s t a t e  p e r h a p s  does  n o t  g r e a t l y  a f f e c t  t h e  — ^A
t r a n s i t i o n .  The s e p a r a t i o n  of  t he  f l u o r e s c e n c e  0 , 0  band f rom 
t h e  maximum of  t he  c o n j u g a t i o n  band i s  7 .70kK which  may be 
compared t o  t h e  7.33kK s e p a r a t i o n  n o t e d  f o r  b i p h e n y l .  The 
l a c k  of  s t r u c t u r e  i n  t h e  f l u o r e s c e n c e  s p e c t r u m  of  2 - m e t h y l b i p h e n y l  
may be a t t r i b u t e d  in p a r t  t o  s t e r i c  h i n d r a n c e  whi ch  p r e v e n t s  
t h e  e x c i t e d  s i n g l e t  s t a t e  f rom a c h i e v i n g  p l a n a r i t y .
The p h o s p h o r e s c e n c e  s p e c t r u m  of  2 - m e t h y l b i p h e n y l  
( F i g u r e  6 ) ,  a l s o  p o o r l y  r e s o l v e d ,  has  a 0 , 0  peak a t  420m p,
( 23 . 8kK)  and a v i b r a t i o n a l  s p l i t t i n g  o f  1.49kK.  The S-T
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s e p a r a t i o n  i s  1 1 . 0 4  kK which  i s  c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  
o b s e r v e d  f o r  b i p h e n y l .  T h i s  may be  due  t o  a g r e a t e r  1 - 1 1-bond  
l e n g t h  i n  t h e  e q u i l i b r i u m  t r i p l e t  s t a t e  i n  which  a c l o s e r  
a p p r o a c h  t o  p l a n a r i t y  may o c c u r  t h a n  in  t h e  e q u i l i b r i u m  e x c i t e d  
s i n g l e t  s t a t e .  Once a g a i n ,  h o we v e r ,  l i t t l e  s t r u c t u r e  i s  n o t e d .  
T h i s  i n d i c a t e s  h i n d r a n c e  t o  p l a n a r i t y  o f  t h e  e x c i t e d  t r i p l e t  
s t a t e .
D• S p e c t r a  o f  ^ - M e t h y l b l p h e n y l
The a b s o r p t i o n  s p e c t r u m  o f  J - m e t h y l b i p h e n y l  ( F i g u r e  5 ) 
h a s  a maximum a t  250 . 0mpi (40 . 00kK)  w i t h  a c o r r e s p o n d i n g  e x t i n c t i o n  
c o e f f i c i e n t  o f  1 6 , 5 0 0 .  Both o f  t h e s e  v a l u e s  a r e  v e r y  c l o s e  t o  
t h o s e  o f  b i p h e n y l .  T h i s  a g r ee me n t  can  be r e a d i l y  e x p l a i n e d  i n  
t e rm s  o f  t h e  i n a b i l i t y  o f  t h e  me t a  s u b s t i t u t e d  m e t h y l  g roup  t o  
c o n t r i b u t e  t o  r e s o n a n t  s t r u c t u r e s  i n v o l v i n g  b o t h  r i n g s  and t o  t h e  
l a c k  o f  s t e r i c  h i n d r a n c e .
The f l u o r e s c e n c e  o f  3_:net h y  l b i p h e n y  1 ( F i g u r e  has  
a 0 ,0 band a t  2 9 8 . ^mp. { ' 5 -  yOkK) and a v i b r a t i o n a l  s p l i t t i n g  o f  
1 .24kK.  T h i s  s l i g h t  b l u e - s h i f t  f rom t h e  b i p h e n y l  0 , 0  band 
i n d i c a t e s  t h a t  a me t a  m e t h y l  g r o u p  s l i g h t l y  d e c r e a s e s  t h e  
c o n j u g a t i o n  b e t we e n  r i n g s .  The p r e s e n c e  o f  s t r u c t u r e  i n d i c a t e s  
t h a t  t h e r e  i s  l i t t l e  h i n d r a n c e  t o  p l a n a r i t y  i n  t h e  e x c i t e d  s i n g l e t  
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F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  a t  77°K o f  2 - M e t h y l b i p h e n y l
f rom 3MP S o l u t i o n
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TABLE I I I
EMISSION FREQUENCIES OF 2-METHYLBIPHENYL
F l u o r e s c e n c e  
tm kK Av
287* 3 4 . 8  0
301 3 3 . 2  1 . 6
311* 3 2 . 2  1 .0
★
S h o u ld e r s





2 3 . 8
2 2 . 3
0
1 . 5
3 - M e t h y l b i p h e n y l  
S o l v e n t  3MP 
77 K E m i s s i o n s  
Exc.  a t  270m^i
350 300400550 500
F i g u r e  7
F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  a t  77°K o f  3 - M e t h y l b i p h e n y L
f r o m  3MP S o l u t i o n
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TABLE IV
EMISSION FREQUENCIES OF 3-METHYLBIPHENYL
F l u o r e s c e n c e  
mu. kK Av
2 9 8 . 5  3 3 . 5 0  0
3 1 0 . 0  3 2 . 2 6  1 . 2 4
3 2 1 . 0  3 1 . 1 5  1 .1 1
Phosphore s cen ce  
mu kK Av
4 3 9 . 0  2 2 .7 8  0
4 6 6 . 5  2 1 . 4 4  1 . 3 4
4 9 5 . 0  2 0 .2 0  1 . 2 4
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The p h osp h orescen ce  spectrum (F ig u r e  7) w i t h  a 0 , 0  
band o f  4 3 9 , 0 ^  (22 .78kX )  and a v i b r a t i o n a l  s p l i t t i n g  o f  
1345 cm  ^ i s  not  a p p r e c i a b l y  d i f f e r e n t  from t h a t  o f  b i p h e n y l .
The p r e s e n c e  o f  s t r u c t u r e  s u g g e s t s  t h a t  a p lan ar  e x c i t e d  t r i p l e t  
s t a t e  can be a c h i e v e d .
E. S p e c tr a  o f  4 -F l u o r o b i p h e n v l
The a b s o r p t i o n  spectrum o f  4 - f l u o r o b i p h e n y l  i n  957.
e t h a n o l  ( l i g u r e  8) c l o s e l y  r e s e m b le s  th a t  o f  b i p h e n y l .  The
maximum a t  247.3n^i (40 .44kK) i s  i n l y  s l i g h t l y  b l u e - s h i f t e d
and the e x t i n c t i o n  c o e f f i c i e n t  o f  1 7 ,6 0 0  i s  o n ly  s l i g h t l y
i n c r e a s e d .  Thus i t  i s  seen  th a t  the para s u b s t i t u t i o n  o f  a
f l u o r i n e  atom c a u s e s  much l e s s  change in the  a b s o r p t i o n  spectrum
o f  b ip h e n y l  than th a t  observed  in  the c a s e  o f  methyl s u b s t i t u t i o n .
The e l e c t r o n i c  e f f e c t  o f  a h a lo g en  s u b s t i t u e n t  a t t a c h e d
t o  a  tt e l e c t i o n  s y s t e m  i s  g e n e r a l l y  c o n s i d e r e d  t o  b e  a  c o m b i n a t i o n
73o f  i n d u c t i v e  and re son an ce  e f f e c t s .  T h e . i n d u c t i v e  e f f e c t  i s  
one o f  e l e c t r o n  w i th d raw al  in  th e  e x p e c te d  o rd er:  F > Cl > Br >  I .
The r e s o n a n ce  e f f e c t  i s  an e l e c t r o n  r e l e a s e  mechanism i n  the  
presumed o rd er:  F >  Cl >  Br > I .  Fur .:.oat sy s tem s  th e  h a lo g e n s
73J .  Hine ,  P h y s i c a l  Organic C h e m is t r y . McGraw-Hill Book 
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320 300 280 260 240 220 200
2 - C h i o r o b i p h e n y l
320 300 280 260 240 220 200
F i g u r e  9
77°K A b s o r p t i o n  o f  2 - F l u o r o b i p h e n y l  and 2 - C h l o r o b i p h e n y ]  
f rom H y d r o ca r b on  S o l u t i o n
Exc.  a t  270mp,
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F i g u r e  10
F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  a t  77°K of  4 - F l u o r o b i p h e n y l  f rom 3MP
S o l u t  ion
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TABLE V
EMISSION FREQUENCIES OF 4-FLUOROBIPHENYL
F l u o r e s c e n c e
nti kK AV
3 0 4 . 0  3 2 . 9 0  0
3 1 5 . 0  3 1 . 7 5  1 . 1 5
3 2 5 . 0  3 0 .7 7  0 . 9 8
P h o s p h o r e s c e n c e
mu kK Av
4 3 4 . 0  2 3 . 0 4  0
4 6 3 . 0  2 1 . 6 0  1 . 4 4
4 8 5 . 0  2 0 . 6 2  . 0 . 9 8
2 - F l u o r o b i p h e n y l  
S o l v e n t  3MP 
77°K E m is s io n s  
Exc.  a t  270mp,
550 500 450 400 350 300
F i g u r e  11
F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  a t  77°K of  2 - F 1u o r o b i p h e n y 1 f rom 3MP
S o l u t i  on
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TABLE VI
EMISSION FREQUENCIES OF 2-FLUOROBIPHENYL
F l u o r e s c e n c e
_2U__ _kK  Av
2 9 2 . 0  3 4 . 2 5  0
30 3 .7  3 2 . 9 3  1 .3 2
3 1 5 . 0  3 1 . 7 5  1 . 1 8
Ph osp horescen ce
rcu kK Av
4 2 8 . 0  23 .37  0
4 5 2 . 0  2 2 . 1 3  1 . 2 4
4 7 8 . 0  2 0 . 9 2  1 .2 1
F . S p e c t r a  o f  2 - F l u o r o b i p h e n y I
The a b s o r p t i o n  s p e c t r u m  o f  2 - f l u o r o b i p h e n y 1 in  e t h a n o l  
a t  room t e m p e r a t u r e  ( F i g u r e  8 ) ,  i n  c o n t r a s t  t o  t h o s e  o f  b i p h e n y l  
and I - f l u o r o b i p h e n y i , shows l ong  w a v e l e n g t h  f e a t u r e s  w i t h  a 
s h o u l d e r  a t  272mM< ( 3 6 . 8 k K ) .  The •- band i s  c o n s i d e r a b l y
cl
b l u e - s h i f t e d ,  w i t h  r e s p e c t  t o  t h a t  o f  b i p h e n y l ,  t o  2Ul .5m| i  (Ul . 4kK)  
w i t h  a c o r r e s p o n d i n g  d e c r e a s e  i n  e x t i n c t i o n  c o e f f i c i e n t  t o
1 6 , 6 0 0 .  S i n c e  i t  h a s  b e e n  shown t h a t  p a r a  s u b s t i t u t i o n  o f  a 
f l u o r i n e  a tom i n t o  t h e  b i p h e n y l  c h romophore  c a u s e s  o n l y  s l i g h t  
s p e c t r a l  c h a n g e s  i t  i s  l i k e l y  t h a t  s t e r i c  f a c t o r s  a r e  i n v o l v e d  
i n  t h e  c a s e  o f  o r t h o  s u b s t i t u t i o n .  However ,  due  t o  t h e  s m a l l  
s i z e  o f  t h e  f l u o r i n e  atom s t e r i c  h i n d r a n c e  t o  a p l a n a r  c o n f o r m a t i o n
s h o u l d  be much s m a l l e r  t h a n  t h a t  i n  t h e  c a s e  o f  o t h e r  s u b s t i t u e n t s .
79B a s t i a n s e n  showed t h a t  t h e  i n t e r p l a n a r  a n g l e  o f  2 - f l u o r o b i p h e n y 1 
i n  t h e  v a p o r  p h a s e  i s  o n l y  i+9°. The i n t e r a n n u l a r  a n g l e  ha s  n o t  
been  d e t e r m i n e d  i n  s o l u t i o n .  C r y s t a l l i n e  2 - f l u o r o b i p h e n y 1 m e l t s  
a t  73°C w h e r e a s  2 - c h l o r o b i p h e n y 1 m e l t s  a t  *2 ° .  T h e r e f o r e  i t  
i s  p r o b a b l e  t h a t  2 - f l u o r o b i p h e n v l  can  a c h i e v e  a p l a n a r  o r  
n e a r - p l a n a r  c o n f o r m a t i o n  i n  t h e  c r y s t a l l i n e  s t a t e  s i m i l a r  t o  
t h a t  o f  b i p h e n y l .
79 0.  B a s t ia n s e n  and L. Smedvik,  Acta Chem. S c a n d . ,  8 ,
’ ' f t /




th e  s e p a r a t i o n  between  the  e n e r g i e s  o f  th e  e q u i l i b r i u m  e x c i t e d  
s i n g l e t  and t r i p l e t  s t a t e s .  However,  i t  i s  more l i k e l y  th a t  
th e  e x c i t e d  s i n g l e t  s t a t e  i s  more s e n s i t i v e  t o  s t e r i c  e f f e c t s  
than  i s  th e  t r i p l e t  s t a t e  and c o n s e q u e n t l y  the  en ergy  may be 
i n c r e a s e d  more.  T h is  i s  i n d i c a t e d  by the much l a r g e r  b l u e - s h i f t  
o f  f l u o r e s c e n c e  in  comparison w i t h  t h a t  o f  p h o sp h o res cen ce  upon 
s u b s t i t u t i n g  a f l u o r i n e  atom i n  the o r th o  p o s i t i o n  o f  b i p h e n y l .
G. S p ec tra  o f  4 - C h l o r o b ip h e n y l
The s u b s t i t u t i o n  o f  a c h l o r i n e  atom in  the para 
p o s i t i o n  o f  b ip h e n y l  g i v e s  r i s e  b oth  to  i n d u c t i v e  and re son an ce  
e f f e c t s .  The i n d u c t i v e  e f f e c t  should  s t a b i l i z e  the  p i  e l e c t r o n  
c l o u d  and lower  both  th e  ground s t a t e  en ergy  and th e  e x c i t e d  
s t a t e  e n e r g y .  S in ce  t h i s  i s  an a l t e r n a t e  compound, both  s t a t e s  
are  p ro b a b ly  a f f e c t e d  t o  n e a r l y  th e  s a m e . e x t e n t .  The re son an ce  
e f f e c t  should  s t a b i l i z e  a p la n a r  c o n fo rm a t io n  by i n v o l v i n g  the  
f o l l o w i n g  c o n t r i b u t i n g  r e s o n a n t  s t r u c t u r e :
S t r u c t u r e s  o f  t h i s  typ e  have lon g  been  used t o  r a t i o n l i z e  the  
o r t h o - p a r a  d i r e c t i n g  p r o p e r t y  o f  t h e  h a l o g e n s .
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The s t a b i l i z a t i o n  o f  a p la n a r  c o n fo rm a t io n  lo w e r s  the  
energy  of  both  the  ground s t a t e  and th e  f i r s t  e x c i t e d  s i n g l e t  
s t a t e .  As in  th e  c a s e  o f  4 -m e th y l  s u b s t i t u t i o n ,  t h e  e x c i t e d  
s t a t e  i s  s t a b i l i z e d  more.  Thus the  a b s o r p t i o n  spectrum o f  
4 - c h l o r o b i p h e n y l  (F ig u r e  12) i s  r e d - s h i f t e d  to  2 5 3 . 5mp, (39 .45kK)  
and th e  c o r r e s p o n d in g  e x t i n c t i o n  c o e f f i c i e n t  i s  i n c r e a s e d  to
2 2 , 6 0 0 .
A lthough  the  f l u o r e s c e n c e  spectrum o f  4 - c h l o r o b i p h e n y l  
( F i g u r e  13) i s  p o o r l y  r e s o l v e d ,  a s h o u l d e r ,  assumed t o  correspond  
t o  the 0 , 0  band, was l o c a t e d  a t  308mp, ( 3 2 .5 k K ) .  T h is  r e d - s h i f t  
o f  f l u o r e s c e n c e  compared to  t h a t  o f  b ip h e n y l  i s  about the  same as  
the  r e d - s h i f t  o f  the •- ^A a b s o r p t i o n  band caused  by para-  
c h lo r o  s u b s t i t u t i o n  so  no a p p r e c i a b l e  d i f f e r e n c e  i s  i n d i c a t e d  
in  th e  s t a b i l i z a t i o n  o f  the  ground s t a t e  and the p la n a r  e x c i t e d  
s t a t e .  A more m ean in g fu l  comparison would i n v o l v e  the  e f f e c t  
of  the s u b s t i t u t i o n  o f  th e  c h l o r i n e  atom on th e  *- ^A band 
w h ic h ,  u n f o r t u n a t e l y ,  i s  h idden  under the — ^A band.
As in  th e  c a s e  o f  4 - f l u o r o b i p h e n y l  th e  p h o sp h o res cen ce  
o f  4 - c h l o r o b i p h e n y l  i s  s h i f t e d  l e s s  than th e  f l u o r e s c e n c e  
i n  comparison w i t h  the e m i s s i o n s  o f  b i p h e n y l .  A 0 , 0  band 
i n  th e  p h o sp h o res cen ce  spectrum (F ig u r e  13) o f  the 4 - c h l o r o  
compound i s  observed  a t  4 4 4 . 5mp, (22 .50kK ) w i t h  a v i b r a t i o n a l
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s p l i t t i n g  o f  1.36kK.
The s e p a r a t i o n  between the 0 , 0  bands o f  f l u o r e s c e n c e  
and p h o sp h o res cen ce  i s  9.97kK which i s  o n l y  s l i g h t l y  l e s s  than  
t h a t  ob served  in  the  c a s e  o f  b i p h e n y l .
To summarize,  s u b s t i t u t i o n  o f  a c h l o r i n e  atom in  the  
para p o s i t i o n  o f  b ip h e n y l  s h i f t s  th e  a b s o r p t i o n ,  the f l u o r e s c e n c e ,  
and the  p h osp h orescen ce  s p e c t r a  t o  th e  red w i t h  the  g r e a t e s t  
e f f e c t  on th e  f l u o r e s c e n c e .  U n f o r t u n a t e l y  the  *- ^A band 
cannot  be r e s o l v e d  and t h e r e f o r e  cannot  be compared w i t h  the  
0 , 0  band o f  the  f l u o r e s c e n c e .
H. S p ec tra  o f  2 -C h lo r o b ip h e n y l
U n l ik e  the  c a s e  o f  the a b s o r p t i o n  spectrum o f
4 - c h l o r o b i p h e n y l  from e t h a n o l  s o l u t i o n  a t  room te m p era tu re ,
th e  "^L — t r a n s i t i o n  o f  2 - c h l o r o b i p h e n y l  (F ig u r e  12) i sa
b l u e - s h i f t e d  w i t h  r e s p e c t  t o  t h a t  o f  b ip h e n y l  t o  g i v e  a 
maximum a t  239.  5mp, (41 .75kK) w i t h  a c o r r e s p o n d in g  e x t i n c t i o n  
c o e f f i c i e n t  o f  1 0 , 4 0 0 .  The a b s o r p t i o n  s p e c t r a  o f  both
2 - m e t h y lb ip h e n y l  and 2 - f l u o r o b i p h e n y l  e x h i b i t e d  pronounced  
lon g  w a v e le n g th  f e a t u r e s  which are  b a r e l y  d i s c e r n i b l e  in  the  
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F ig u r e  12
A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n  o f  4 - C h l o r o b i p h e n y l
and 2 - C h l o r o b i p h e n y l  f r o m  957.. E t h a n o l  S o l u t i o n
E x c .  a t  270m(j,
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F i g u r e  13
F l u o r e s c e n c e -  and P h o s p h o r e s c e n c e -  a t  77°K o f  4 - C h l o r o b i p h e n y l  f r o m  3MP
S o 1 u t  i  o n
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TABLE VII
EMISSION FREQUENCIES OF 4-CHLOROBIPHENYL
F l u o r e s c e n c e
_ s u _  _ M _  . Ay,-
308* 3 2 . 5  0
317 3 1 . 5  1 . 0
327* 3 0 . 6  0 . 9
Phoaphorescence
kK Av
4 4 4 . 5  2 2 .5 0  0
4 7 3 . 0  2 1 . 1 4  1 .3 6
4 9 5 . 0 *  2 0 .2 0  .9 4
*S h ou ld ers
Exc.  a t  27Om^
550 500 4 50 400 350 300
F i g u r e  14
F l u o r e s c e n c e  and P h o s p h o r e s c e n c e  a t  77°K o f  2 - C h l o r o b i p h e n y l  f r o m  3MP
S o l u t  i o n
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atom in  the  o r th o  p o s i t i o n  o f  b ip h e n y l  a p p a r e n t l y  r e d - s h i f t s
the •- *A band s l i g h t l y  t o  about 285mp, (3 5 .1 k K ) .  Th is
might be e x p l a i n e d  in  terms o f  hydrogen bonding which was
ob served  by Holloway in  th e  c a s e  o f  l - c h l o r o - 2 - p h e n y l n a p h t h a l e n e .
Hol loway ob served  th e  0 , 0  band o f  the  — ^A t r a n s i t i o n  o f
l - c h l o r o - 2 - p h e n y l n a p h t h a l e n e ,  i n  mixed hydrocarbon s o l u t i o n
a t  77°Kt a t  2 9 . 76kK which c o rr espo n d s  to  a r e d - s h i f t  o f  1.25kK
r e l a t i v e  t o  t h a t  o f  2 - p h e n y ln a p h t h a le n e .  A c l o s e  examination
o f  th e  a b s o r p t i o n  s p e c t r a  o f  b ip h e n y l  and o f  2 - c h l o r o b i p h e n y l
i n d i c a t e s  a s i m i l a r  r e d - s h i f t  o f  about  1.2kK. The d i f f i c u l t y
o f  l o c a t i n g  the  *- *A band in  the  a b s o r p t i o n  s p e c t r a  o f
t h e s e  compounds makes i t  d i f f i c u l t  t o  e v a l u a t e  the s h i f t  o f
t h i s  band a c c u r a t e l y .
The a b s o r p t i o n  spectrum o f  2 - c h l o r o b i p h e n y l  (F ig ur e  9)
from 3MP s o l u t i o n  a t  77°K has a maximum a t  2 4 1 . Omp, (41 .45kK)
which  i s  a r e d - s h i f t  o f  0.30kK from the observed  maximum in
the room tem perature  spectrum. The ^L, •- A^ t r a n s i t i o n  i sb
a p p a r e n t l y  r e d - s h i f t e d  and has  g r e a t e r  i n t e n s i t y  a t  77°K than  
at  room te m p era tu re .
Hydrogen bonding would tend to  s t a b i l i z e  a more 
n e a r l y  p la n a r  c o n fo rm a t io n  and th us  g i v e  a deeper  minimum in
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the p o t e n t i a l  w e l l .  T h is  e f f e c t  i s  opposed by the i n d u c t i v e  
e f f e c t  o f  the c h l o r i n e  atom which withdraws e l e c t r o n s  from the  
r i n g .  This  weakens the 1 - 1 '-bond and d e c r e a s e s  i n t e r a c t i o n  
between th e  r i n g s .  The importance of  the i n d u c t i v e  e f f e c t
i s  demonstrated  by the ob served  b l u e - s h i f t  o f  the *- A^J a
band in  the c a s e  o f  4 - f l u o r o b i p h e n y l . The c h l o r i n e  atom i s  
l e s s  e l e c t r o n e g a t i v e  so the resonan ce  e f f e c t  i s  prob ab ly  l a r g e r  
in  t h i s  c a s e  and such  an e f f e c t  i s  i n d i c a t e d  by the  r e d - s h i f t  
o f  the  *La •- ^A band o f  4 - c h l o r o b i p h e n y l .  Thus the b l u e - s h i f t  
observed  fo r  2 - c h l o r o b i p h e n y l  in  the case  o f  the  •- *A band 
compared w i t h  t h a t  o f  b ip h e n y l  i s  undoubted ly  due to  s t e r i c  
e f f e c t s .
That the <- ^A band i s  a p p a r e n t l y  not e s p e c i a l l y  
s e n s i t i v e  t o  s t e r i c  e f f e c t s  or th e  i n t e r a c t i o n  between r i n g s  
i s  i n d i c a t e d  by the r e l a t i v e  sm al l  change in  p o s i t i o n  of  the  
f l u o r e s c e n c e  0 , 0  band upon o r th o  s u b s t i t u t i o n  o f  bulky groups .  
This  band may be s e n s i t i v e  to  i n d u c t i v e  e f f e c t s  but a g a in  
l a r g e  s h i f t s  are  not ob s erv ed .
The f l u o r e s c e n c e  y i e l d  of  2 - c h l o r o b i p h e n y l  i s  so  
sm al l  t h a t  o n l y  a sm al l  s t r u c t u r e l e s s  band i s  o b s e r v e d .  As 
would be e x p e c t e d ,  t h i s  band i s  o b v i o u s l y  b l u e - s h i f t e d  from th a t  
o f  b i p h e n y l .  The p h o sp h o r e s c e n c e  (F ig u r e  1 4 ) ,  a l th o u g h  v e r y
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i n t e n s e ,  a l s o  produces  a spectrum w i t h  no s t r u c t u r e .  Th is  
i n d i c a t e s  t h a t  th e  t r i p l e t  s t a t e  i s  not s t a b i l i z e d  in  a p lan ar  
co n fo r m a t io n .  The b l u e - s h i f t  o f  th e  p h o sp h o res cen ce  i s  a l s o  
in  accord  w i t h  a presumed n o n -p la n a r  e q u i l i b r i u m  t r i p l e t  s t a t e .
I .  S p e c tr a  o f  3 -C h lo r o b ip h e n y l
As p r e v i o u s l y  ob served  in  the c a s e  o f  the meta 
s u b s t i t u t i o n  o f  a methyl group,  th e  meta s u b s t i t u t i o n  o f  a 
c h l o r i n e  atom c a u s e s  l i t t l e  change in  the  a b s o r p t i o n  spectrum  
of  b ip h e n y l  ( F i g u r e  1 5 ) .  A maximum i s  observed  a t  2 4 9 . 5mp 
(40 .08kK) w i t h  an e x t i n c t i o n  c o e f f i c i e n t  of  1 6 , 8 0 0 .  This  
f a i l u r e  o f  the  s u b s t i t u e n t  to  a f f e c t  the  spectrum i s  probably  
due to  the  f a i l u r e  o f  t h e  c h l o r i n e  atom to  p a r t i c i p a t e  in  any 
o f  the c o n t r i b u t i n g  r e s o n a n ce  s t r u c t u r e s  o f  the  m o l e c u l e .
The f l u o r e s c e n c e  spectrum o f  3 - c h l o r o b i p h e n y l  (F ig u r e  
16) has a p o o r ly  r e s o l v e d  0 , 0  band a t  295. 5mp (33 .84kK) which  
i s  somewhat b l u e - s h i f t e d  from th at  o f  b i p h e n y l .  The 
p h o sp h o res cen ce  spectrum (F ig u r e  16) has a 0 , 0  band a t  4 4 5 . Omp 
(22 .47kK) w hich  i s  s l i g h t l y  r e d - s h i f t e d  w i t h  r e s p e c t  to  t h a t  
o f  b i p h e n y l ;  s i m i l a r  b e h a v io r  was observed  in  th e  c a s e  o f
3 - m e t h y l b i p h e n y l . T h is  anomaly o f  o p p o s i t e  s h i f t s  g i v e s  an
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en e r g y  s e p a r a t i o n  o f  11.37kK between the  f l u o r e s c e n c e  and 
p hosp h orescen ce  0 , 0  bands.  The en ergy  o f  the s t a t e s  i n v o l v i n g  
charge  s e p a r a t i o n ,  such as  the  lower e x c i t e d  s i n g l e t  s t a t e ,  
seems to  be I n c r e a s e d  more by meta s u b s t i t u t i o n  o f  a c h l o r i n e  
atom than by para s u b s t i t u t i o n .  No c o r r e s p o n d in g  energy  
i n c r e a s e  i s  i n d i c a t e d  in  the  c a s e  o f  the l o w e s t  t r i p l e t  s t a t e .
J.  Sp ectra  o f  4-Bromobiphenyl
The a b s o r p t i o n  spectrum o f  4 -bromobiphenyl (F ig u r e  17) 
i s  s i m i l a r  to  th at  o f  b ip h e n y l  and the p r e v i o u s l y  c o n s id e r e d  
para s u b s t i t u t e d  b i p h e n y l s  and c o n s i s t s  o f  a broad, s t r u c t u r e l e s s  
band in  the near u l t r a v i o l e t .  The maximum, l o c a t e d  a t  2 5 4 . 7mp, 
(39-26kK) has an e x t i n c t i o n  c o e f f i c i e n t  o f  2 3 , 9 0 0 .  Both the  
r e d - s h i f t  and the  i n c r e a s e  in  e x t i n c t i o n  c o e f f i c i e n t  can be 
a t t r i b u t e d  t o  in c r e a s e d  r e s o n a n c e  e f f e c t s  which  s t a b i l i z e  the  
e x c i t e d  s i n g l e t  s t a t e .  The d e c r e a s e  in in d u c t a n c e ,  in  the order  
F > Cl > Br, a l s o  i n c r e a s e s  the  r e d - s h i f t  and the e x t i n c t i o n  
c o e f f i c i e n t  by i n c r e a s i n g  the bond order  of  the e s s e n t i a l  s i n g l e  
bond and th e r e b y  promotes p l a n a r i t y .
The f l u o r e s c e n c e  spectrum o f  4 -brom obipheny l  (F ig u r e  18) 
from 3MP s o l u t i o n  a t  77°K has no s t r u c t u r e ,  but th e  la c k  o f  
s t r u c t u r e  i s  probably  due in  part  t o  the l a r g e  s l i t  w id th  
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F i g u r e  15
A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n  o f  3 - C h l o r o b i p h e n y l
and 3 - B r o m o b i p h e n y l  f r o m  957, E t h a n o l  S o l u t i o n
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F i g u r e  16
F l u o r e s c e n c e  and  P h o s p h o r e s c e n c e  a t  77°K o f  3 - C h l o r o b i p h e n y l  f ro m
3MP S o l u t i o n
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TABLE V I I I  
EMISSION FREQUENCIES OF 3-CHLOROBIPHENYL
F l u o r e s c e n c e
_s±  kK Av
2 9 5 . 5  3 3 . 8 4  0
3 1 2 . 5  3 2 .0 0  1 . 8 4
3 2 6 . 5  3 0 . 6 3  1 .37
Ph osphorescence  
mu, kK Av
4 4 5 . 0  2 2 .4 7  0
4 5 6 . 0  2 1 . 9 3  1 . 5 4
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F ig u r e  17
A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n  o f  4 - B r o m o b i p h e n y l
and  2 - B r o m o b i p h e n y l  f r o m  95% E t h a n o l  S o l u t i o n
E x c .  a t  270my,
s .w .  0 . 4 8
350 300500 450 400550
F i g u r e  18
0
F l u o r e s c e n c e  a nd  P h o s p h o r e s c e n c e  a t  77 K o f  4 - B r o m o b i p h e n y l  f r o m  3MP S o l u t i o n
2 - Bromobipheny1 
S o l v e n t  3MP 
77 K E m is s io n s  
Exc.  a t  2 70m^
3 - Bromobiphenyl  
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F i g u r e  20
F l u o r e s c e n c e  and  P h o s p h o r e s c e n c e  a t  77°K o f  3 - B r o m o b i p h e n y l  f r o m  3MP S o l u t i o n
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TABLE IX
EMISSION FREQUENCIES OF 3 - BROMOBIPHENYL
F l u o r e s c e n c e  
mu. kK Av
3 0 2 . 5  3 3 0 .6  0
3 1 2 . 5  3 2 .0 0  1 .0 6
3 2 0 . 5  3 1 . 2 0  0 . 8 0
P h osp h orescen ce  
mu kK Av
437* 2 2 .9  0
465 2 1 . 5  1 . 4
484* 2 0 .7  0 . 8
*
S hou ld ers
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The p h o sp h o r e s c e n c e  spectrum d i s p l a y e d  a 0 , 0  band at  
4 4 5 . Omg, (22 .48kK) and a v i b r a t i o n a l  s p l i t t i n g  o f  1.31kK. This  
r e d - s h i f t  o f  455 cm  ^ from the  0 , 0  band o f  b ip h e n y l  can be 
a t t r i b u t e d  to  r e s o n a n c e  s t r u c t u r e s  s t a b i l i z i n g  a p la n a r  t r i p l e t  
s t a t e  more than t h e  Franck-Condon p la n a r  ground s t a t e .  Even 
s t r o n g e r  p roo f  o f  such s t a b i l i z a t i o n  i s  the w e l l  r e s o l v e d  
s t r u c t u r e  in  the  spectrum.
K. S p e c tr a  o f  2-Bromobiphenyl
The a b s o r p t i o n  spectrum o f  2-bromobiphenyl has  
prominent long  wave f e a t u r e s  w i t h  a band a t  about 290m^
(34.5kK) w i t h  an e s t i m a t e d  e x t i n c t i o n  c o e f f i c i e n t  o f  1300 .
The •- band maximum i s  l o c a t e d  a t  240.  5mp, (41.58kK)  
and has  an e x t i n c t i o n  c o e f f i c i e n t  o f  1 0 , 5 0 0 .  T h is  b l u e - s h i f t  
and i n t e n s i t y  d e c r e a s e  can once more be a t t r i b u t e d  to  s t e r i c  
h in d ran ce  p r e v e n t i n g  c o p l a n a r i t y  o f  the  r i n g s  and hence  
d e c r e a s i n g  c o n j u g a t i o n  a c r o s s  the l - l ' - b o n d .  Both o f  t h e s e  
observed  e f f e c t s  are  c o u n t e r a c t e d  by re son an ce  e f f e c t s .
However,  in  the c a s e s  o f  the  compounds so f a r  d i s c u s s e d ,  on ly  
t h o s e  i n v o l v i n g  th e  s u b s t i t u t i o n  o f  a f l u o r i n e  atom i n d i c a t e d  
the  predominance o f  i n d u c t a n c e  e f f e c t s  over  re son an ce  e f f e c t s .
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N i e t h e r  the  weak f l u o r e s c e n c e  nor the s t r o n g  
ph o s p h o r e s c e n c e  o f  2-bromobiphenyl (F igu r e  19) showed much 
s t r u c t u r e .  The f l u o r e s c e n c e  0 , 0  band i s  e s t i m a t e d  to  be a t  
310mp, ( 3 2 .3 k K ) .  The p h o sp h o rescen ce  has an e s t im a t e d  0 , 0  band 
of  440my, ( 2 2 .7 k K ) .  The la c k  o f  s t r u c t u r e  in  t h e s e  e m i s s i o n s  
compared w i t h  t h a t  of  the  e m i s s i o n  o f  4 -bromobiphenyl a g a in  
can be c i t e d  as  e v i d e n c e  o f  h in drance  t o  p l a n a r i t y  by the lar^e  
bromine atom and th e  r e s u l t i n g  ab sen ce  o f  the  s t a b i l i z a t i o n  of  
a r i g i d  p la n a r  s t a t e .  Both the  f l u o r e s c e n c e  and p hosph orescen ce  
0 , 0  bands of  2-b romobiphenyl appear to  be r e d - s h i f t e d  r e l a t i v e  
to  t h o s e  o f  b i p h e n y l .  Because  o f  the la c k  o f  s t r u c t u r e  and the  
r e s u l t i n g  d i f f i c u l t y  in l o c a t i n g  t h e s e  bands o n ly  a q u a l i t a t i v e  
comparison can be made.
L. S p ec tra  o f  3-Bromobiphenyl
The meta s u b s t i t u t i o n  o f  a bromine atom, l i k e  th a t  of  
a c h l o r i n e  atom or methyl group, c a u s e s  l i t t l e  change in the  
a b s o r p t i o n  spectrum r e l a t i v e  t o  t h a t  of  b ip h e n y l  i t s e l f .  The 
a b s o r p t i o n  spectrum o f  3 -bromobiphenyl (F ig u r e  15) in  95% e t h a n o l  
s o l u t i o n  has a maximum a t  2 4 9 . Omp, (40 .16kK) w i t h  a c o r r e s p o n d in g  
e x t i n c t i o n  c o e f f i c i e n t  o f  1 6 ,8 0 0  which  i s  o n l y  s l i g h t l y  
d e c r e a s e d  from t h a t  o f  b i p h e n y l .  T h is  s i m i l a r i t y  c o n s t i t u t e s
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a d d it io n a l  evidence for  the contention  that atoms or groups in  
the meta p o s i t io n  have l i t t l e  e f f e c t  on the con tr ib u tin g  resonance 
s tru ctu res  o f  the m olecule.
Both the f lu o rescen ce  and the phosphorescence spectra  
(Figure 20) show s tru c tu re .  N either the f lu o rescen ce  0 ,0  band 
at 302.5n\i (33.06kK) nor the phosphorescence 0 ,0  band at 4 3 7 .0am 
(22.89kK) i s  much s h if te d  with resp ect  to  those of b iphenyl.
M. Spectra o f  Fluorene
The absorption spectrum of f lu o re n e ,  in<contrast to  
that of b iphenyl, d isp la y s  considerab le  v ib r a t io n a l  s tru ctu re  
in  so lu t io n  a t room temperature* In 3>methylpentane the 0 ,0  
band i s  a t 29 9 .9n^ (33.3kK) and in  93% ethanol (Figure 2 1 ) ,  i t  
i s  at 300. Omp, (33.3kK) w ith  e = 8400 in  the case of the ethanol 
s o lu t io n .  In mixed hydrocarbon at 77°K the absorption spectrum 
(Figure 22) i s  considerab ly  sharper and the 0 ,0  band i s  at  
2 9 9 .8mp (33.36kK). The long wavelength band centered about 
295n^ j, may correspond to  the hidden t r a n s i t io n ,  or •- 
band, o£ biphenyl and the band centered about 255mp, may l ik ew ise  
correspond to  the conjugation , or *- ^A, band o f b iphenyl.
I f  t h i s  i s  true the hidden t r a n s i t io n  of planar biphenyl should 
have a greater  in te n s i ty  than that o f  non'planar b iphenyl. In
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the case of g r e a t ly  hindered biphenyl more long wavelength  
stru ctu re  Is apparent than in  the case of biphenyl I t s e l f .
The -  *A bands may have d i f f e r e n t  character in  the two 
c a s e s .
The flu orescen ce  spectrum of f luorene (Figure 23) 
at 77°K in  3-methylpentane d isp la y s  a 0 ,0  band a t  3 0 1 .7mp, 
(33.15kK) which i s  s h i f te d  only  0.3kK from that of the absorption  
at 77°K. Furthermore the flu orescen ce  0 ,0  band of biphenyl 
at 302.9m^ (33.03kK) i s  located  only O.lkK lower than the 
f luorene f lu o rescen ce  0 ,0  band. This c o n s t i tu te s  a powerful 
argument in  favor of the contention  that the f i r s t  s in g le t  
e x c ited  s ta te  o f biphenyl i s  planar s in ce  thd corresponding  
s ta te  in f luorene i s  almost c e r ta in ly  planar. The f lu orescen ce  
of b iphenyl, as expected , shows a larger v ib r a t io n a l  spacing  
than that of f lu oren e;  t h i s  i s  undoubtedly due to the l e s s  
r ig id  s tru ctu re  o f  b iphenyl.
The phosphorescence of f luorene (Figure 23) has a 
0 ,0  band a t 4 2 3 .Snip, (23.6kK) which i s  0.7kK higher than that
observed in  the case of b iphenyl. In the phosphorescence
spectrum of f lu o re n e ,  the v ib r a t io n a l  spaclngs are l e s s  than
those observed in  the case o f b iphenyl. This in d ic a te s  
that the t r i p l e t  s ta t e  o f biphenyl
F l u o r e n e
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2 - F l u o r o f l u o r e n e
340 300 260 220
F i g u r e  21
A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n s  o f  F l u o r e n e  and
2 - F l u o r o f l u o r e n e  f r o m  95% E t h a n o l  S o l u t i o n s
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TABLE X
AMBIENT TEMPERATURE ABSORPTION FREQUENCIES FROM 957. ETHANOL SOLUTION
F lu o r en e  2 - F l u o r o f l u o r e n e
mu kK mu kK
3 0 0 .0 3 3 .3 3 3 0 5 .4 3 2 . 7 4
2 9 2 .9 3 4 . 1 4 2 9 8 . 8 33 .47
2 8 8 . 8 3 4 .6 3 2 9 3 .5 3 4 .0 7
2 7 5 .8 * 3 6 . 2 6 2 8 7 . 6 * 34 .77
2 7 1 .2 * 3 6 .8 7 281 .1 3 5 .5 7
2 6 3 .6 3 7 . 9 4 2 7 3 .5 * 36 .5 6
2 6 0 .6 3 8 .37 267 .6 37 .3 7
2 5 1 .0 3 9 . 8 4 2 6 1 .5 3 8 . 2 4
247-1* 4 0 .4 7 2 5 7 .6 3 8 .8 2
2 2 5 .0 * 4 4 . 4 4 2 5 1 .5 3 9 .7 6




300 280 260 240 220
2 - F l u o r o f l u o r e n e
300 280 260 240 220
w a v e le n g t h  m^j,
F ig u r e  22
77°K A b s o r p t io n s  o f  F lu o r e n e  and 2 - F l u o r o f l u o r e n e  from
Mixed Hydrocarbon S o l u t i o n s
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TABLE XI
77°K ABSORPTION FREQUENCIES FROM HYDROCARBON SOLUTION 
F lu o r e n e  2 - F l u o r o f l u o r e n e
mu kK mp, kK
2 9 9 . 8 3 3 . 3 6 3 0 4 . 4 3 2 . 8 5
2 9 3 .2 3 4 . 1 0 2 9 7 . 5 33 .61
2 9 1 . A 3 4 . 3 2 2 9 1 . 8 34 .27
2 8 8 . 5 3 4 . 6 6 2 8 5 .9 3 4 . 9 8
2 8 1 .2 * 3 5 . 5 6 2 7 8 . 2 * 3 5 . 9 5
2 7 7 .3 3 6 .0 6 2 7 3 .5 3 6 . 5 6
2 7 1 . 8 3 6 .7 9 267 . e 1" 37 .37
2 6 8 .7 * 3 7 . 2 2 2 6 2 . 6+ 3 8 . 0 8
2 6 5 . 4 3 7 .6 8 2 5 7 . 1+ 3 8 .9 0
2 6 0 .1 3 8 . 4 5 2 5 1 . 8 39 .71
2 5 4 . 5 3 9 .2 9 247 .6* 4 0 . 3 9
2 5 2 . 5 39 .6 0 2 4 3 . 7f 4 1 . 0 3
2 4 9 .4 4 0 . 1 0
2 4 5 . 8 4 0 . 6 8
2 2 6 .9 4 4 .0 7
2 2 0 . 6 4 5 . 3 3
★
Shoulder  
^ P o o r ly  r e s o l v e d
Flu or en e
s .w.
300500 400600
F ig u r e  23




EMISSION FREQUENCIES OF FLUORENE
F l u o r e s c e n c e  
mu. kK Av
30 1 .7  3 3 . 1 5  0
3 0 7 .7  3 2 . 5 0  0 . 6 5
3 1 4 .1  3 1 . 8 4  1 .31
3 2 2 . 0 *  3 1 . 0 6  2 .0 9
Phosphorescence 
mu. kK Av
4 2 3 . 5  23 .61  0
4 3 7 . 4  2 2 . 8 6  .7 5
4 4 5 . 6  2 2 . 4 4  1.17
4 5 3 . 5  2 2 . 0 5  1 .5 6
4 7 0 . 0  2 1 .2 8  2 .3 3
4 7 9 . 5  2 0 .8 6  2 .7 5
4 8 9 . 7 *  2 0 . 4 2  3 .19
*
Shoulder
Exc.  a t  270n^i 2 - F l u o r o f l u o r e n e
s .w.
600 400 300500
F ig ur e  24
F l u o r e s c e n c e  and Ph osp h or escen ce  a t  77°K o f  2 - F l u o r o f l u o r e n e  from 3MP S o l u t i o n
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A m bient  T e m p e r a tu r e  and 77°K A b s o r p t i o n s  o f  2 - B r o m o f l u o r e n e
from  3MP S o l u t i o n
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Figure 26
Fluorescence and Phosphorescence at 77°K of 2-Bromofluorene from 3MP Solution
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448.0 22.32 0 .84
454.0 22.03 1.13
463.0 21.60 1.56
468.0  21.37 1.79
480.6 20.81 2.35
*
S h o u l d e r
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i s  not as r ig id  as that of f luorene although the s im i l a r i t y  
in  the phosphorescent spectra in d ica te s  the ex i s ten ce  of some 
tendency toward p lanar ity  in the t r i p l e t  s ta te  of  biphenyl .
N. Spectra of 2-Fluorofluorene
The absorption spectrum of  2 - f luorof luorene  which i s  
s im ilar  in s tructure  to 4 -f luorobiphenyl  i s  very s im ilar  to  
that of f luorene .  The room temperature absorption of  
2 - f luorof luorene in 3MP so lu t io n  has the f i r s t  maxima at  
305.4m|jL (32.74kK). The absorption 0 ,0  band of  2 - f lu o r o f  luorene 
at  77°K in 3MP i s  observed at 30 4 .4mp, (32.85kK) which corresponds  
to a r e d - s h i f t  of 0.5kK from that  of f luorene.
The f luorescence  spectrum (Figure 24) of  2 - f luorof luorene  
has a 0 ,0  band at 307mp, (32.51kK) which i s  a l s o  r e d - sh i f te d  
from that of f luorene .  The 0 ,0  band of the phosphorescent  
spectra (Figure 24) i s  very s l i g h t l y  b lu e - s h i f t e d  r e l a t i v e  to 
that  of f luorene to 4 2 0 . 5mp, (23.78kK). The s tructure of 
2 - f luorof luorene i s  s im ilar  to that of planar 4 - f luorobiphenyl .
As noted e a r l i e r  a f luorene atom sub s t i tu ted  in the para 
p o s i t io n  in biphenyl b lu e - s h i f t e d  the absorption and the 
f luorescence  but had v i r t u a l l y  no e f f e c t  on the phosphorescence 
with regard to the p o s i t io n  of the 0 ,0  band. In the case of
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2 - f luorof luorene  the molecule Is  s t a b i l i z e d  in a planar 
conformation by a methylene bridge so that  inductive  and 
resonance e f f e c t s  a f f e c t  the spectra l e s s  than in the case of 
4- f luorobiphenyl ,
0 .  The Absorption Spectra of  2-Bromofluorene
The absorption spectrum (Figure 25) of
2-bromof luorene has a 0 ,0  band at  3 06 .2my, (32.66kK) in a 
mixed hydrocarbon s o lu t io n  at 77°K and at 306.6m^i (32.62kK) 
in a 3MP so lu t io n  at room temperature. The s u b s t i t u t io n  of 
a bromine atom in the f luorene molecule r e s u l t s  in a r e d - s h i f t  
of the 0 ,0  band of  the absorption spectrum.
The f luorescence  spectrum (Figure 26) of
2-bromofluorene from a 3MP s o lu t io n  at 77°K has a 0 ,0  band at 
310. Omp, ( 3 2 . 26kK). The absorption and f luorescence  0 ,0  bands 
of 2-bromofluorene observed in the spectra of so lu t io n s  at 
77°K d i f f e r  by only 0.40kK. The lack of a large s h i f t  in d ica tes  
that the molecule has the same geometric conformation, in t h i s  
case probably planar,  in both the ground s in g l e t  s ta t e  and 
the f i r s t  ex c i ted  s in g l e t  s t a t e .
The phosphorescence spectrum of 2-bromofluorene
I l l
(Figure 26) in 3MF s o lu t io n  ac 77 i. hes 0 ,0  bene at 431.7mp. 
(23.16kK) which i s  r e d - sh i f ted  r e l a t i v e  t > chat of  f luorene .
P- Quantum Yield Studies
Since the phototube response as a function  of
wavelength was unknown, the f luorescence  and phosphorescence
31y i e l d s  of  biphenyl given by Parker and Hatchard were used as 
a reference  in the determination of quantum y i e l a s  of other  
compounds. Since the f lu ore scen ces  of  a l l  compounds occurred 
in about the same wavelength region and . a l l  the 
phosphorescence emissions were found in a l im ited  wavelength  
range, the phototube response should be e s s e n t i a l l y  the same 
for each comparison. Parker and Hatchard obtained a f luorescence  
y i e l d  of 0.17 and a phosphorescence y i e l d  of 0 .25  for  biphenyl  
in EPA at  77°K. This f lu orescen ce  y i e l d  compares favorably  
w ith  the y i e l d  of  0 .17 obtained for biphenyl in cyclohexane at  
77°K by Berlman®^,
The f luorescence  y ie ld  of 0 .53  obtained in t h i s  
work for f luorene agrees w e l l  with the value of  0 .54  given by 
Parker and Hatchard. This in d ica te s  at l e a s t  som* con s is ten cy  
between h i s  method and the one used here.
81 C.A. Parker and C.G. Hatchard, A n a ly s t . 1962, 664.
82 I .B .  Berlman, Handbook of  Fluorescence Spectra of  
Aromatic Molecules . Academic Press ,  I n c . ,  New York, N.Y. , 1965.
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In order to t e s t  the r e p ro d u c ib i l i ty  of  the data,
e ight  determinations of  the y i e l d s  of  2-methylbiphenyl were made.
These e ig h t  determinations gave a f lu orescen t  y ie ld  of 0.42 ± .01
and a phosphorescent y i e ld  ofQ.55 ± .01 .  A l l  y i e l d s  from the
other compounds were determined a t  l e a s t  tw ice .  The quantum
y i e l d s  of  a l l  the compounds studied are l i s t e d  in Table XVI.
In terp reta t ion  of these data in terms of rate  constants
requires  phosphorescent and f lu orescen t  l i f e t i m e s ;  the p o ss ib le
in ter p r e ta t io n  was d iscussed  in Chapter I ,  Sect ion  B. Both
l i f e t i m e  and y ie ld  data are subject  to  large errors .  This lack
of  accuracy i s  indicated  by the c o n f l i c t i n g  va lues  reported
in the l i t e r a t u r e ,  trro rs  are a t tr ib u te d  u su a l ly  to impurit ies
and the  su b seq u en t  quench ing  o f  e m i s s i o n .  F l u o r e s c e n c e
l i f e t i m e s  are not gen era l ly  a v a i la b le  at present ,  but hopeful ly
the appearance of instruments s p e c i f i c a l l y  designed for t h i s
type of measurement w i l l  soon provide such data for  many
compounus. In sp i te  of  the lack of f luorescence  l i f e t im e
data,  much can be gained by a q u a l i t a t i v e  examination of
quantum y ie ld  d a t a .  I t  was shown in Chapter I ,  S e c t i o n  B,
* ►
Eq.10 that when tht t o t a l  quantum y ie ld  of emission ie  high
I -  ,
that  the fo l lo w in g  approximation obtains




Compound <7 6 P 6  !4> f  p f TP kt
B i p h e n y l 0 . 1 7 0.25 1 . 77 7 . 2 0 . 5 5
2- Me t h y l b  1ph e n y l o . To 0 . 56 5.0 0.01
J - M e t h y l b i p h e n y l o .68 0.52 . 77 7 . 1 0
7 - M e t h y l b i p h e n y 1 0 . 20 0.27 1 . 08 7 . 2 0 . 7 2
2 - F l u o r o b i p h e n y 1 0 . 22 0 .55 1 . 17 2 . 5 0 . 8 7
7 - F l u o r o b i p h e n y 1 0 . 15 0.51 2.58 5-5 0.75
2 - C h l o r o b i p h e n y l 0 . 0 1 0 .  78 50 . 9 ■j . 1 8 0 . 5 7
5 ~ C h l o r o b i p h e n y 1 0 . 0 5 0 .26 6 . 7 1 . 3 7 2 . 0
7 - C h l o r o b  i phe ny  1 0 . 0  5 0 . ■>,< 10 0.50 1 . 2
2 - Br omobi pheny1 0 . 0 1 0.25 25 7 . 2 x 1 0 " 5 750
5~ Bromob i pheny1 0.05 0 . i l 8 . 2 ’7  6 56
b - Bromcb i phe ny  1 O n l ■O’ O’ 1 7 ■J. /19 250
F l u o r e n e ' ■ 55 0  i .15 0 . 1.0
2 - F l u o r o f l u o r e n e 0 . 1 5 ■ * , •■ + • 1
2 - B r o m o f l u o r e n e j . o o 0 ^ z > • o  j 1 . 7 0 . 5 7 0 . 8 c
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I f  the  t o t a l  quantum y i e l d  i s  g r e a t e r  than 0 . 1 ,  the e q u a t io n
should  g i v e  v a l u e s  c o r r e c t  at  l e a s t  to  th e  n e a r e s t  magnitude
and fo r  l a r g e r  t o t a l  quantum y i e l d s  the e q u a t io n  should  g iv e
more a c c u r a t e  v a l u e s .  The f l u o r e s c e n t  l i f e t i m e ,  t , i s  o f t e n
e s t i m a t e d  by the e v a l u a t i n g  the area under the a b s o r p t i o n
curve th a t  r e p r e s e n t s  a p r o c e s s  t h a t  i s  th e  r e v e r s e  o f  the
e m i s s i v e  p r o c e s s .  In the a b s o r p t i o n  s p e c t r a  of  b ip h e n y l  and
i t s  d e r i v a t i v e s ,  however,  the •- A^ t r a n s i t i o n  i s  hidden
or obscured  by the  "^L •- ^A band so th a t  r e a s o n a b le  e s t i m a t i o n sa
o f  t  ^ cannot be o b t a i n e d .  Berlman ob ta in ed  ex p e r im e n ta l
f l u o r e s c e n c e  l i f e t i m e s  f o r  b i p h e n y l ,  4 - m e t h y l - b i p h e n y l ,
and f l u o r e n e  o f  16,  1 5 .2  and 10 n a n o se c o u n d s , r e s p e c t i v e l y .
These l i f e t i m e s  are p robably  not h i g h l y  dependent on
s o l v e n t  or t e m p era tu re .  S u b s t i t u e n t s  have l e s s  e f f e c t  on
th e  f l u o r e s c e n t  l i f e t i m e  than th ey  have on the p h o sp h o res cen t
l i f e t i m e .  C a l c u l a t i o n s  o f  k c a n  be made fo r  a l l  compounds
ST K
by assuming t h a t  the f l u o r e s c e n c e  l i f e t i m e  o f  each compound 
i s  equal  t o  th a t  of  f l u o r e n e .  Such an assum ption  should  
cause  much l e s s  than an order  of  magnitude e r r o r  in  the  
c a l c u l a t e d  v a l u e  o f  k . Thus,  from e q u a t io n  14,  the  above  
assu m p t ion  g i v e s
“ s t  -  y * £ * 10+8 • • • ■ 27
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The y i e l d  ratiQa (Table  XVI) g i v e  an i n d i c a t i o n  o f  the
i n t e r s y s t e m  c r o s s i n g  c o n s t a n t .  Halogen s u b s t i t u e n t s ,  by
s p i n - o r b i t  c o u p l i n g ,  i n c r e a s e  th e  v a l u e  o f  kg^.
The y i e l d  r a t i o s  b fbr i n d i c a t e  t h a t  the  r a t e  c o n s t a n tp f
kg^ i s  about the same f o r  b i p h e n y l ,  2 - m e t h y l b i p h e n y l , 3-hrpmo- 
b i p h e n y l ,  4 - m e t h y l b i p h e n y l ,  2 - f l u o r o b i p h e n y l  and 4 - f l u o r o b i p h e n y l .
The e s t i m a t e d  v a l u e s  o f  f o r  2 - c h l o r o b i p h e n y l ,
3 - c h l o r o b i p h e n y l  and 4 - c h l o r o b i p h e n y l  a re  s i g n i f i c a n t l y  l a r g e r  
than  t h a t  o f  b ip h e n y l  presumably  b eca u s e  o f  s p i n - o r b i t  c o u p l i n g .  
These d a ta  a l s o  i n d i c a t e  t h a t  th e  o rder  o f  e f f e c t i v e n e s s  o f  
s p i n - o r b i t  c o u p l i n g  w i t h  r e s p e c t  t o  p o s i t i o n  o f  s u b s t i t u t i o n  
o f  a c h l o r i n e  atom i s  2 > 4 >  3.  A c h l o r i n e  atom i n  th e  
o r t h o  p o s i t i o n  i n  b ip h e n y l  can e v i d e n t l y  i n t e r a c t  more 
e f f e c t i v e l y  w i t h  th e  n e l e c t r o n  sys te m  than can a c h l o r i n e  
atom i n  the  para p o s i t i o n  and a c h l o r i n e  atom i n  the  meta 
p o s i t i o n  shows th e  l e a s t  i n t e r a c t i o n .
The e s t i m a t e d  v a l u e s  o f  k fo r  2 -b rom ob iph eny l ,J 1
3-brom obiphenyl  and 4-brom obipheny l  i n d i c a t e  t h a t  t h e  s p i n - o r b i t  
c o u p l i n g  e f f e c t i v e n e s s ,  w i t h  r e s p e c t  t o  th e  p o s i t i o n  o f  the  
bromine atom i s  4 >  2 > 3 .  S p i n - o r b i t  c o u p l i n g  i s  so  im portant  
i n  th e  c a s e  o f  a bromine s u b s t i t u t e n t  t h a t  the  a s su m p t io n  o f
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e q u a l  f l u o r e s c e n c e  l i f e t i m e s  p rob ab ly  breaks  down and th e  o n ly  
v a l i d  c o n c l u s i o n  from th e  above d ata  i s  th a t  bromine i n  the meta 
p o s i t i o n  i s  l e s s  e f f e c t i v e  i n  p rod uc in g  s p i n - o r b i t  c o u p l in g  
e f f e c t s  than i t  i s  i n  the  o r t h o  or para p o s i t i o n s .
The e s t i m a t e d  v a l u e s  o f  k gT f o r  f l u o r e n e ,  2 - f l u o r o -  
f l u o r e n e  and 2 -b rom of lu oren e  i n c r e a s e  in  order  as  e x p e c te d  
and i n d i c a t e  t h a t  bromine i s  more e f f e c t i v e  than f l u o r i n e  
in  produ c in g  s p i n - o r b i t  c o u p l in g  e f f e c t s .
The e f f e c t s  o f  s p i n - o r b i t  c o u p l i n g  on the  p h o sp h o res cen t  
l i f e t i m e  are  r e a d i l y  app aren t  in  the c a s e s  o f  h a l o b i p h e n y l s  
and 2 - h a l o f l u o r e n e s . A h a lo g en  l o c a t e d  i n  the  o r th o  p o s i t i o n  
d e c r e a s e s  the  l i f e t i m e  much more than does  the  same h a lo g e n  in  
th e  meta or para p o s i t i o n .  A h a lo g e n  atom in  the meta p o s i t i o n  
i s  n o t  i n v o l v e d  in  r e s o n a n ce  s t r u c t u r e s  i n v o l v i n g  both  r i n g s  
and t h e r e f o r e  shows g r e a t l y  reduced s p i n - o r b i t  c o u p l i n g  e f f e c t s  
compared w i t h  t h o s e  o f  h a lo g e n  atoms in  the o r th o  or para  
p o s i t i o n .  The magnitude o f  s p i n - o r b i t  c o u p l in g  e f f e c t s  are  
e v i d e n t l y  dependent  on the  p o s i t i o n  of  the heavy atom w i th  
regard t o  resonan ce  i n t e r a c t i o n s  and w i t h  regard t o  the  
p h y s i c a l  p r o x i m i t y  o f  the  heavy atom to  the  tt e l e c t r o n  c l o u d .
I t  was shown i n  Chapter I ,  S e c t i o n  B, t h a t  i f  we 
assume t h a t  a l l  m o l e c u l e s  which do not emit  are d e a c t i v a t e d
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i n  T , . then  k may be approximated  by 1 t
kt * kP t—f— i "'
p
t h a t  i s ,  th e  r a t e  o f  p h o sp h o r e s c e n c e  t im e s  th e  r a t i o  o f
r a d i a t i o n l e a s  d e a c t i v a t e d  t r i p l e t s  t o  p h o s p h o r e s c in g  t r i p l e t s .
The v a l i d i t y  o f  t h i s  assu m p t ion  has  been d i s c u s s e d  by T eren in  
83and Ermolaev and i t  i s  a p p a r e n t l y  r e a s o n a b l e  fo r  a l l  s im ple  
a r o m a t ic  m o l e c u l e s .  V a lues  o f  k c a l c u l a t e d  f o r  b i p h e n y l ,
I*
f l u o r e n e ,  and t h e i r  d e r i v a t i v e s  are  l i s t e d  in  Table  XVI.
I f  th e  t o t a l  e m i s s i o n  y i e l d  i s  v e r y  c l o s e  t o  u n i t y  or the  
p h o s p h o r e s c e n t  y i e l d  i s  sm al l  th en  sm al l  e r r o r s  in  the  
e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  y i e l d  v a l u e s  g i v e  l a r g e  e r r o r s  
i n  the  c a l c u l a t e d  v a l u e s  o f  k^.  The v a l u e s  o f  are  prob ab ly  
u n r e l i a b l e  i n  the  c a s e s  o f  2 - m e t h y l b i p h e n y l , 3 - m e t h y l b i p h e n y l ,
3 -bromobiphenyl and f l u o r e n e .  The v a l u e s  o f  i n d i c a t e  th a t  
the  s u b s t i t u t i o n  of  a h a lo g en  atom i n  b ip h e n y l  c a u s e s  an 
i n c r e a s e  o f  k^ compared t o  t h a t  o f  u n s u b s t i t u t e d  b i p h e n y l .  
F l u o r i n e  and c h l o r i n e  s u b s t i t u t i o n  g i v e s  o n ly  a s l i g h t  in c r e a s e  
and bromine s u b s t i t u t i o n  g i v e s  a l a r g e  i n c r e a s e .  The ex p ec te d  
a c c u r a c y  o f  the  d ata  d oes  not  warrant c o n c l u s i o n s  based on
83
A.N. T eren in  and V.L. Ermolaev ,  B u l l .  Acad. S c i .
11.S . S . R . . 26,  21 ( 1 9 6 2 ) .
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th e  p o s i t i o n  o f  s u b s t i t u t i o n .
CHAPTER IV
SlftMARY AND CONCLUSIONS
The e lu c id a t io n  of  the e l e c t r o n i c  energy l e v e l s  o f  
blpticpyl Jp d i f f i c u l t  due to  the lack of  s tructure In I t s  
absorpt ion  spectrum In s o lu t io n  at  room temperature and at 
77°R. To obtain  data use fu l  In the In terp reta t ion  o f  the  
e l e c t r o n i c  spectra o f  biphenyl I t  was necessary to  obtain  
quantum y ie ld ,  data and absorption and emission spectra of  
blphepyl and many biphenyl d e r i v a t iv e s .  A f luorene molecule  
Is  s im i la r  to  a planar biphenyl molecule;  th ere fore ,  s im i la r  
data were obtained for  f luorene and' twp qf i t s  d e r i v a t iv e s .
The absorption spectra of para and meta sub s t i tu ted
biphenyls  In s o lu t io n  at  ambient temperature, compared with
fhose  a f  b iphenyl ,  exh ib i ted  an Increase in- I n t e n s i t y  and a
r e d - s b i f t  hut no increase  In s tru c tu re .  The absorption
spectra  « f  ortho s u b s t i t u te d  biphenyls  in  s o lu t io n  at room
temperature displayed- a b l u e - s h i f t  o f  the *- A^ band and-,
except in  the case of  2-ch loroM phenyl , the •- band
was d i s c e r n ib le  as a ,shoulder on the <- *A band. Thea
*- *A band of  the ortho sub s t i tu te d  biphenyls  may have
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s l i g h t l y  r e d - s h i f t e d  from t h a t  o f  b ip h e n y l  but l i k e l y  the
b l u e - s h i f t  o f  the  ♦- band c o n t r i b u t e d  most t o  th e
a
appearance  o f  t h i s  band as  a d i s c e r n i b l e  s h o u l d e r .  Whenever 
two bands o v e r l a p  a p p r e c i a b l y ,  s m a l l  changes  i n  p o s i t i o n  o f  
th e  t r u e  maximum o f  e i t h e r  band can cause  l a r g e  changes  in  the  
apparent  maxima o f  b oth  bands.
The f l u o r e s c e n c e  0 , 0  bands o f  both  para and meta 
s u b s t i t u t e d  b i p h e n y l s  were r e d - s h i f t e d  r e l a t i v e  to  t h a t  of  
b i p h e n y l .  The f l u o r e s c e n c e  s p e c t r a  o f  b i p h e n y l ,  and meta and 
para s u b s t i t u t e d  b i p h e n y l s  in  3MP a t  77°K showed more s t r u c t u r e  
than th e  c o r r e s p o n d in g  a b s o r p t i o n  s p e c t r a .  The appearance  o f  
t h i s  v i b r a t i o n a l  s t r u c t u r e  was c i t e d  as  e v i d e n c e  t h a t  the  
e q u i l i b r i u m  c o n fo rm a t io n  o f  th e  l o w e s t  e x c i t e d  s i n g l e t  s t a t e  
o f  b ip h e n y l  t e n d s  t o  be p la n a r  or near  p la n a r  w i t h  i n c r e a s e d  
s t a b i l i z a t i o n  due t o  more e f f e c t i v e  p i  c loud i n t e r a c t i o n .  The 
p o s t u l a t e d  i n c r e a s e d  s t a b i l i z a t i o n  i s  i n d i c a t e d  by th e  l a r g e  
r e d - s h i f t  o f  the  f l u o r e s c e n c e  0 , 0  band r e l a t i v e  to  the lo w e s t  
e n e r g y  a b s o r p t i o n  band. The f l u o r e s c e n c e  0 , 0  band o f  2 -m e th y l -  
b ip h e n y l  i s  b l u e - s h i f t e d  r e l a t i v e  to  t h a t  of  b i p h e n y l .  The 
b l u e - s h i f t  i s  a t t r i b u t e d  t o  th e  s t e r i c  h in d ran ce  o f  th e  methyl  
group w hich  p r e v e n t s  c o p l a n a r i t y  of  the two a ro m a t ic  r i n g s  in
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2-m ethy l  b i p h e n y l .  The la c k  o f  v i b r a t i o n a l  s t r u c t u r e  i n  the  
f l u o r e s c e n c e  spectrum o f  2 -m e th y lb ip h e n y l  compared w i t h  th a t  
o f  b ip h e n y l  i s  e v i d e n c e  t h a t  th e  methyl group p r e v e n t s  th e  
a r o m a t i c  r i n g s  from b e in g  co p la n a r  or a t  l e a s t  p r e v e n t s  the  
f o r m a t i o n  o f  a r i g i d ,  s t a b i l i z e d  con form at ion  o f  th e  e x c i t e d  
s i n g l e t  s t a t e .
The f l u o r e s c e n c e  spectrum o f  2 - f l u o r o b i p h e n y l  shows 
s t r u c t u r e .  T h is  m o le c u l e  l i k e l y  e x i s t s  i n  a s t a b i l i z e d  p lan ar  
c o n fo rm a t io n  i n  the f i r s t  e x c i t e d  s i n g l e t  s t a t e .  Hydrogen 
bonding  may i n c r e a s e  the  s t a b i l i t y  o f  a p la n a r  c o n fo rm a t io n .
The f l u o r e s c e n c e  spectrum o f  2 - c h l o r o b i p h e n y l  shows no s t r u c t u r e .  
The c h l o r i n e  atom i s  l a r g e r  than a f l u o r i n e  atom and presumably  
p r e v e n t s  th e  a r o m a t ic  r i n g s  in  2 - c h l o r o b i p h e n y l  from becoming  
c o p la n a r  i n  th e  ground or e x c i t e d  s t a t e s ,  Holloway ob ta in ed  
e v i d e n c e  o f  hydrogen bonding in  the 2 - c h lo r o - 2 - p h e n y l n a p h t h a l e n e  
m o le c u le  and i n d i c a t i o n s  o f  a r e s u l t i n g  p la n a r  c o n fo rm a t io n .  
N e i t h e r  th e  a b s o r p t i o n  nor e m i s s i o n  s p e c t r a  o f  2 - c h l o r o b i p h e n y l  
shows e v i d e n c e  o f  a p la n a r  co n fo r m a t io n .  This  may i n d i c a t e  
t h a t  re son an ce  i n t e r a c t i o n  between a phenyl and a n aphthy l  
r i n g  i s  l a r g e r  than t h a t  between two phenyl r i n g s .  The en ergy  
o f  a p la n a r  co n fo r m a t io n  would be lower  due t o  reson an ce  
i n t e r a c t i o n  and hydrogen b on din g .  S t e r i c  i n t e r a c t i o n s  would
1 2 2
tend t o  r a i s e  th e  e n e r g y  o f  a p l a n a r  c o n f o r m a t i o n .  The t o t a l  
p o t e n t i a l  e n e r g y  would r e s u l t  from a b a l a n c e  o f  t h e s e  t h r e e  
f a c t o r s .
The p h o s p h o r e s c e n c e  s p e c t r a  o f  o r t h o  and para  s u b s t i t u t e d  
b i p h e n y l s  e x h i b i t  s t r u c t u r e .  T h i s  i s  c i t e d  a s  e v i d e n c e  t h a t  th e  
e q u i l i b r i u m  e x c i t e d  s t a t e  i s  p l a n a r .  The 1 , 1 '-bond e q u i l i b r i u m  
d i s t a n c e  i s  l i k e l y  l o n g e r  i n  the t r i p l e t  s t a t e  than in  the  
s i n g l e t  s t a t e  and s t e r i c  f a c t o r s  w i l l  be l e s s  im p o r t a n t .
The l i f e t i m e  da ta  and th e  quantum y i e l d  d a ta  i n d i c a t e  
t h e  im p ortan ce  o f  the  p o s i t i o n  o f  the  s u b s t i t u e n t  on the  s p i n -  
o r b i t  c o u p l i n g  e f f e c t s .  The l a r g e s t  amount o f  s p i n - o r b i t  
c o u p l i n g  o c c u r s  when a h a l o g e n  s u b s t i t u e n t  i s  l o c a t e d  i n  th e  
o r t h o  p o s i t i o n  where i t  i s  p h y s i c a l l y  c l o s e  t o  b o th  r i n g s  and 
can c o n t r i b u t e  t o  r e s o n a n c e  s t r u c t u r e s  i n v o l v i n g  b o th  r i n g s .
A h a l o g e n  l o c a t e d  i n  th e  para p o s i t i o n  can c o n t r i b u t e  t o  r e s o n a n c e  
s t r u c t u r e s  i n v o l v i n g  both  r i n g s  and t h e r e f o r e  g i v e s  r i s e  to  mure 
e f f e c t i v e  s p i n - o r b i t  c o u p l i n g  than d o es  a h a lo g e n  l o c a t e d  in  
th e  meta p o s i t i o n  where i t  can o n l y  c o n t r i b u t e  to  r e s o n a n c e  
s t r u c t u r e s  i n v o l v i n g  one r i n g . .
The s u b s t i t u t i o n  o f  a h a l o g e n  atom i n  b ip h e n y l  
i n c r e a s e s  th e  r a t e  o f  i n t e r s y s t e r a  c r o s s i n g  from t o  T^.
T h i s  n o r m a l ly  r e s u l t s  i n  an i n c r e a s e d  p h o s p h o r e s c e n c e  y i e l d
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but th e  i n t e r s y s t e m  c r o s s i n g  r a t e  from t o  i s  a l s o  
i n c r e a s e d  compared to  th a t  o f  u n s u b s t i t u t e d  b ip h e n y l  s o  th a t  
a d e c r e a se d  p h o sp h o res cen ce  y i e l d  sometime r e s u l t s .  Both
3-bromobiphenyl and 3 - c h l o r o b i p h e n y l  have r e l a t i v e l y  low 
p h o sp h o res cen ce  y i e l d s  due presumably t o  i n c r e a s e d  i n t e r s y s t e r a  
c r o s s i n g  t o  th e  ground s t a t e  by r a d i a t i o n l e s s  t r a n s i t i o n s .
S e v e r a l  a d d i t i o n a l  r e s e a r c h  problems are s u g g e s t e d
by t h i s  r e s e a r c h .  F l u o r e s c e n c e  l i f e t i m e  data  a re  needed to
c a l c u l a t e  approximate v a l u e s  o f  f o r  th e  compounds s t u d i e d .
The a b s o r p t i o n  s p e c t r a  o f  o r th o  s u b s t i t u t e d  b ip h e n y l s  in  3MP
s o l u t i o n  a t  77°K showed an i n c r e a s e  in  s t r u c t u r e  when compared w i t h
th e  c o r r e s p o n d in g  s p e c t r a  measured a t  room te m p e r a tu r e .  The
a b s o r p t i o n  s p e c t r a  o f  t h e s e  compounds should  be measured at
4°K t o  de term ine  i f  a b e t t e r  s e p a r a t i o n  o f  th e  *- ^A anda
«- A^ bands can be a c h i e v e d .  The s p e c t r a  o f  s e v e r a l
2 - s u b s t i t u t e d  f l u o r e n e  d e r i v a t i v e s  were measured in  t h i s  
r e s e a r c h  and compared to  the s p e c t r a  o f  th e  c o r r e s p o n d in g  
para s u b s t i t u t e d  b ip h en y l  d e r i v a t i v e .
The geometry  o f  a 4 - s u b s t i t u t e d  f l u o r e n e  d e r i v a t i v e  
i s  s i m i l a r  t o  t h a t  o f  an o r th o  s u b s t i t u t e d  b ip h e n y l  i n  a 
p la n a r  c o n fo r m a t io n .  T h e r e f o r e ,  th e  s p e c t r a  o f  4 - s u b s t i t u t e d
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VITA
Jimmie Ray King was born November 7,  1934 in  P l e a s a n t  
H i l l ,  L o u i s i a n a .  He a t t e n d e d  grade s c h o o l  and h i g h  s c h o o l  in  
P l e a s a n t  H i l l ,  L o u i s i a n a  w i t h  th e  e x c e p t i o n  o f  th e  second grade  
which  he a t t e n d e d  in  S h r e v e p o r t ,  L o u i s i a n a .  From 1953 t o  1957,  
he a t t e n d e d  McNeese S t a t e  C o l l e g e  from w hich  he r e c e i v e d  th e  
B a c h e lo r  o f  S c i e n c e  d e g r e e  i n  1957.  He worked f o r  C i t i e s  
S e r v i c e  R e s e a r c h  and Development  Company a t  Lake C h a r l e s ,  
L o u i s i a n a  from June 1957 u n t i l  January 1958 a t  w h i c h  t i m e  he 
e n t e r e d  the  U ni ted  S t a t e s  Army and  s e r v e d  a s  a N i k e - A j a x  
M i s s i l e  O f f i c e r .  F o l l o w i n g  h i s  d i s c h a r g e  f rom t h e  army i n  
January  1960,  he r e t u r n e d  t o  C i t i e s  S e r v i c e  R e s e a r c h  and 
Development Company and worked  as  an o r g a n i c  r e s e a r c h  c h e m i s t .  
I n  1962 he e n t e r e d  t h e  G r a d u a t e  School  o f  t h e  L o u i s i a n a  S t a t e  
U n i v e r s i t y  and i s  now a c a n d i d a t e  f o r  t h e  d e g r e e  o f  D o c t o r  
of  P h i l o s o p h y .
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